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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.



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.

Structura tezei: Teza a fost realizatd in comun la UTM, Centrul de Nanotehnologii si Nanosenzori,
Departamentul Microelectronica si Inginerie Biomedicala si Universitatea din Kiel, Facultatea de Inginerie, Catedra
Nanomateriale Functionale, Germania. 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 1n 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 moleculara, materiale hibride, MOF/MO, senzor.

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

Obiective: O investigatie extinsa a proprietatilor fizico-chimice ale structurilor hibride pe baza de ZIF/ZnO sau
ZIF/CuO si utilizarea acestora in aplicatii de senzor pe baza sistemelor de oxid metalic-retele metalo-organic
(MOF/MO): (i) ZIF-71/CuO:Al, pentru detectia hidrogenului si a n-butanolului la diferite temperaturi de operare; (ii)
structuri hibride ZIF-8/CuO:Al pentru detectarea hidrogenului sia COV in diverse conditii; (iii) dezvoltarea matricelor
multisenzori utilizand structuri hibride MOF/MO, in particular ZIFs/ZnO si Z1Fs/ZnO:Cd.

Originalitate stiintifici si noutatea cercetirii: Structurile hibride MOF/MO bazate pe retele metal-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-performantd pentru detectarea selectivd a compusilor organici volatili COV si hidrogen, reprezinta o
noutate pentru comunitatea stiintificd. A fost stabilitd o metodologie care combina analiza in-situ cu detectarea
secventiald pentru diferentierea completa a gazelor de test utilizind senzori multipli pe bazd 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 ridicata 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 stiintifica abordatia: Lucrarea a stabilit corelatii structura-proprietati-performantd ale structurilor
hibride bazate pe retele MOF/MO. A fost identificat efectul sinergic al diferitilor oxizi metalici cu MOF asupra
performantei lor de detectare a COV si a H». 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 metal-organice ZIF (ZIF-67, ZIF-7, ZIF-71 si ZIF-8) si a oxizilor metalici 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 structurald sub actiunea radiatiilor ionizante si definind pragurile necesare
pentru o caracterizare non-distructiva. Structurile hibride pe baza de ZIF-8/CuQO:Al au prezentat o detectare selectiva
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 de H». Structurile hibride pe baza de ZIF-
71/CuO:Al au prezentat performante duale de detectare a gazelor pentru n-butanol si H» 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 H, gazos. Senzorul
hibrid ZIF-67/Zn0O a prezentat selectivitate pentru etanol la 250 °C, in timp ce selectivitatea fata 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
eficienta a Hy si a diferitilor (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.



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 Universitit zu Kiel, Technische Fakultit, Lehrstuhl fir 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 Beitridge 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 Funktionalitit, 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
Aufklarung der entsprechenden Detektionsmechanismen.

Zielsetzung: Eine umfassende Untersuchung der physikalisch-chemischen Eigenschaften von ZIF/ZnO- oder ZIF/CuO-
Hybridstrukturen und deren Einsatz flir 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 — einschlieBlich VOCs und Wasserstoff unter widrigen
Umweltbedingungen—stellt eine wissenschaftliche Neuerung dar, die fiir die Fachwelt von groem 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/CuQ: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-Gerlistverbindungen (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 Verstdndnis der radiolytischen
Stabilitdt halogenierter MOFs durch die Identifizierung der rontgeninduzierten Degradation in ZIF-71 erarbeitet, wodurch
aufgeklart wurde, wie spezifische funktionelle Gruppen die strukturelle Integritét unter ionisierender Strahlung diktieren
und welche Schwellenwerte fiir eine zerstérungsfreie 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 hoher 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/ZnO und ZIF-8/Zn0O) eine Selektivitit
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 Auenbereichen
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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INTRODUCTION

Description of the topic:

Metal-organic frameworks (MOFs) are among the most promising materials in the
development of hybrid heterostructures 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]. 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 [2].
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. Continuous
monitoring is required to limit the volatile organic compound (VOC) emissions. Real time
monitoring to VOCs-exposure for individual humans, spatial monitoring for environment, and
scientific research can help to mitigate its harmful effects. Since, in the ambient environment, the
simultaneous presence of 50-300 VOCs [3], 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
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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 [4-8].
Numerous sensing materials have been employed in the field of gas sensing, including ZnO, CuO,
mixed oxides such as tetrapodal ZnO (t-ZnO) and CuO nanostructures, etc [9, 10]. The primary
problems with the metal-oxide-based gas sensors are non-withstanding against humidity, poor
selectivity, and signal drift, etc [10]. 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 [10].

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; (i1) develop and optimize high-performance hybrid sensors based on ZIF-
71/CuO: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
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mechanisms governing gas-surface interactions to establish a predictive framework for the
detection and discrimination of these analytes.

Proposed research objectives:

. 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.

J 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.

o 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.

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

o Elucidation of gas-surface interaction mechanisms was proposed by integrating
1onosorption 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:

. Zn0O, 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.

. 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.
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J 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).

J 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.

. 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.

. 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.

o 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.

. 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/CuO:Al-based hybrid structures exhibited an appreciable
response (75%) to 100 ppm hydrogen even at a high relative humidity of 81%, enabling their
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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/Cu0O: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-situ structural analysis, thus defining their
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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:

o 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).

o 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.

. 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.

o 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/Zn0O, ZIF-71/Zn0O, and ZIF-8/Zn0.
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J 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:

° 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.

o 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 Co30s), confirming the viability of these materials for safe operation in
sensory devices.

. 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.

o Demonstration of the decisive role of hybridizing CuO:Al nanomaterials with ZIF-
71 frameworks—forming the ZIF-71/CuO: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 1s dictated by high polarizability, while at 250°C, the heterostructure exhibits superior
hydrogen selectivity due to facilitated diffusion through the framework pores.

o 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,
Moldova and the 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:
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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 (https://sennet-project.eu/).

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 one patent
application; six 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 and 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 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:
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The Introduction substantiates the description and the addressed problem of the research
topic and importance to develop new MOF/MO heterostructured systems. It provides an analysis
of 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 attended
scientific conferences at which the principal findings of the conducted research on the topic of
thesis were disseminated through oral presentations, poster presentations, and scientific
discussions with the approval from the scientific community.

Chapter 1 includes the possible approaches to overcome the limitations of metal oxides
and their applications in sensing field by employing variety of concepts, specifically metal-
oxide/MOFs or MOF/MO heterostructured-based hybrid sensors. Followed by the detailed
discussion on the stability of MOFs and key factors affecting their structural phases and
corresponding structure-property relationship. Theoretical concepts of characterizations tools such
as XPS, SEM, XRD, and micro-Raman spectroscopy, are also discussed in detail. In the final
section of this chapter, the applications of developed hybrid structures for the sensing of VOCs
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),
synthesis of ZIFs, and the development of corresponding MOF/MO heterostructured systems,
namely ZIFs/ZnO or ZIFs/CuO-based hybrid structures. Followed by the section including the
experimental methods used for the material, thermal, sorption, and electrical characterization of
the hybrid structures.

Chapter 3 presents a detailed discussion on the physicochemical properties of MOF-metal
oxide systems, namely ZIF-8/CuO:Al-based MOF/MO 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 analytes.
The hybrid structures are applied to gas-sensing studies of the target analytes, and the
corresponding sensing mechanisms are discussed based on the ionosorption model, transport
physics, and molecular sieving effect.

Chapter 4 presents the physical and chemical properties of ZIF-71/CuQO:Al-based
MOF/MO hybrid structures, followed by an analysis of the thermal and sorption properties of ZIF-
71 particles. The ZIF-71/CuO:Al hybrid structures demonstrate a synergistic effect of its

individual components, enabling effective sensing of n-butanol and hydrogen at different operating
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temperatures. The corresponding sensing mechanisms, based on ionosorption and transport
physics, are discussed to explain the observed results and the underlying physical processes.
Chapter 5 is dedicated to a comprehensive discussion of the material, physicochemical,
and sensing properties of ZIFs/ZnO-based MOF/MO hybrid structures. Particular emphasis is
placed on temperature-dependent in-situ X-ray diffraction analysis of ZIFs (ZIF-n (n =67, 7, 71,
8)), which provides insight into thermal degradation, phase transition, and structural
transformations of ZIFs into the corresponding metal oxides, and correlates structure-property-
performance relationships in the resulting hybrid materials. The chapter also addresses the
applications of developed hybrid structures in gas-sensing devices and explains the corresponding
chemoresistive sensing mechanisms using appropriate models, including the p-n heterostructure

effect, ionosorption model, transport physics, and others.

20



1. RECENT PROGRESS IN PHYSICOCHEMICAL AND GAS SENSING
STUDIES OF METAL OXIDES/MOF HYBRIDS

1.1 Synergistic effects in metal oxide and MOF based hybrid architectures

Metal oxides play an important role in various fields due to their unique electronic, optical,
and chemical properties, which allow them to employ in catalysis, energy storage, sensing
technologies, and drug-delivery, among others [11-13]. The most common metal oxides being
employed are ZnO, CuO, NiO, Co304, and ZnFe>O4, due to their strong antimicrobial activity,
catalytic activity, electrochemical activity, and magnetic behaviour [5].

Different morphologies influence the surface activity of metal oxides by changing the
surface area, active site exposure, charge transport, and adsorption properties. For instance, by
changing the synthesis temperature, the morphology of structures can be altered. Three different
morphological structures, such as SnO> quantum dots, cauliflower, and kadam flower shows
different physical properties. Due to increase in surface area of quantum dots, it offers more active
sites for dye degradation, followed by cauliflower, and kadam structures [14].

In the field of gas sensing, metal oxides offer appreciable sensing response due to the
modulation of surface properties such as electrical resistance, capacitance, and optical features. In
case of chemoresistive gas sensing, the variation in resistance occurs due to the adsorption of
different chemical species on the surface. Surface properties can be modified by functionalizing
the surface with the noble metals, heterostructure-effect, mixed-metal compositions, and by doping
the surface with the rare-earth metals.

By incorporating other metal dopants, their electronic and chemical properties can be
modified for the desired applications. For instance, Eu-doped ZnO demonstrate enhancement in
the presence of oxygen species on the surface, due to modification in electrical charge transfer by
incorporation of additional Eu energy levels. This facilitates in the enhancement of hydrogen
sensing response [15].

A formation of p-n heterostructure between two metal oxides, create a depletion region that
significantly influence the gas sensing performance. For instance, a heterostructure between NiO
and WOs3 exhibits tremendous gas sensing response (2184%) to 100 ppm of acetaldehyde at 250
°C [16]. Similarly, a p-n heterojunction between CuO and ZnSnO3 exhibited good selectivity to
100 ppm of ethanol at 160 °C as compared to acetone, toluene, ammonia, and formaldehyde [17].

Despite these advantages, metal oxides have certain limitations. including poor selectivity,

instability, and sensor drift in complex or humid environments. Additionally, they require high
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operating temperatures and high-power consumption. These can be addressed using functionalized
materials, specific doping additives, layered structures, and MOF materials.

When developing gas sensors for monitoring gaseous species under adverse conditions,
long-term stability and selectivity are critical considerations. For example, the selectivity of
individual nanostructures is often limited by variations in single-nanowire sensors. However,
employing multi-nanowire sensors can average out these variations, leading to enhanced
selectivity. Zhang et al. [18] reported that In,O3 multi-wire nanosensors exhibit enhanced
selectivity toward NO, compared to NH3, which was not observed in single wire nanosensors. The
opposite sensing responses of individual nanowires cancels out in multiwire-configuration,
resulting in a diminished response to NH3, and consequently, improved selectivity for NO,.
Another study utilized a porous polymer filter (Cu(BTC)/PDMS) to improve the selectivity of a
commercial SnO2-based sensor (MQ-5) for H; against CO [19]. After placing the porous filter at
the gas inlet, the adsorption efficiency for H> remains almost same 98%, while the response toward
CO was significantly reduced. This filter-integrated configuration not only enhances selectivity
but also minimizes moisture adsorption, reducing it from approximately 76% to nearly zero.

Pristine semiconductor metal-oxide based gas sensors generally require high- temperatures
to facilitate oxygen adsorption on the sensing surface by providing the necessary thermal
activation energy. However, high power consumption remains a significant obstacle for integrating
these sensors into wearable devices. To address these challenges, various strategies have been
proposed, including self-powered gas sensors. For instance, a study based on p-n heterojunction
effect in N1O/ZnO nanowires leveraged the piezoelectric effect to power the sensing element. This
approach yielded an appreciable sensing response (31.5%) and remarkable selectivity to H>S (100
ppm) at room temperature [20].

Another approach to classifying analytes more precisely is through machine learning (ML)-
aided data analysis. When the figures of merit for similar gases are nearly identical, making
differentiation difficult, advanced analytical tools such as machine-learning techniques are
employed [21]. These models require large datasets to ensure high accuracy. Typically, the data is
categorized into features (input variables) and labels (the target classes). The classification follows
a systematic methodology. For instance, a study on ZnO decorated with noble metals (Ir, Ru, and
IrRu alloys) utilized machine learning to evaluate sensing parameters [21]. In this approach, the
dynamic response curve was treated as a combination of two distinct regions: the response region
and the recovery region. An appropriate mathematical function, shown in Figure 1.1(a) I, was used
to fit the curves in both regions. The exponential fitting function (F), defined in Equation 1.1, was

then employed to classify the tested gases [21].
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The features were extracted from the fitting parameters, as shown in Figure 1.1(a) IL, and

subsequently evaluated in Figure 1.1(a) II1.
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Fig. 1.1. (a). Schematic representation of machine-learning based classification,

including data acquisition and feature extraction from mathematical functional of

exponential fitting. (b) machine-learning models-based performance of different

classification models. (¢) Confusion matrix of obtained results except Naibe Bayes and

SVM models-based results. (d) Mean SHAP value contribution plot of applied features for

different target gas species using XGBoost model. Reproduced with permission from ref

[21] from the Elsevier under a CC BY-NC-ND 4.0 licence.
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The target gases were classified using a supervised machine learning approach, employing
algorithms—such as logistic regression, k-Nearest Neighbours (kNN), Support Vector Machines
(SVM), LightGBM, and neural networks. The performance of these training algorithms is
presented in Figure 1.1(b). A confusion matrix (Figure 1.1(c)) was used to evaluate the overall
classification performance from the trained models, excluding Naive Bayes and SVM. Finally, the
impact of each feature on an individual prediction was assessed using the LightGBM model, as
illustrated by the mean SHAP value rankings in Figure 1.1(d).

Highly advanced machine learning based classification models are useful when sensor
responses are complex, multi-dimensional, or lack inherent selectivity. For direct analyte
classification and in new environmental conditions for which diverse data are unavailable, hybrid
materials can be employed to enhance selectivity, improve long-term stability in high humidity
conditions, and lower the detection limit.

Hybrid structures composed of metal oxides and MOFs have emerged as advanced sensing
platforms that overcome the limitations of metal oxide sensors. MOFs are recognized for their
remarkable properties, such as high porosity, light weight, large specific surface area, high
functionality, and good thermal and chemical stability [22, 23]. By incorporating MOFs with
biomolecules, polymers, metal oxides, ceramics, or metal particles, novel hybrid materials with
superior properties can be produced. This opens diverse possibilities for the employment of MOFs
in fields such as photo sensing [24], gas sensing [25], gas storage and separation [26], drug-
delivery [27], and catalysis [28].

The synergistic effect between MOFs and metal oxides significantly improves sensing
performance by providing numerous interaction sites through unsaturated metal centers, surface
functional groups, or the molecular sieving effect of the pores. For instance, Wu et al. presented a
ZnO nanorod and ZIF-8 core-shell structure for the selective sensing of H> over CO, attributed to
the molecular sieving effect of ZIF-8 [29]. In this study, the linker concentration controlled the
grain size; a low linker concentration (0.12 mmol) resulted in large ZIF-8 nanoparticles (>400nm),
whereas increasing the concentration to 0.48 mmol reduced the grain size to ~100 nm, ensuring
uniform coverage on the ZnO nanorods.

The sensing performance of core-shell structure was enhanced by reducing CO sensitivity
(from 1.3 to 1) and increasing H» sensitivity (from 1.8 to 2.8) for a 50 ppm concentration at 200
°C. This enhancement is attributed to increased surface area and the development of more oxygen
vacancies following ZIF-8 growth. Furthermore, the synergistic effect of MOFs and metal oxides
improves photodetection. Studies report that ligands absorb light, and photogenerated charge

carriers are injected into the ligands to generate additional electron-hole pairs via ligand-to-cluster
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charge transfer [30, 31]. It has been observed that the degree of conjugation affects the light-
absorption properties of MOF linkers. MOFs are generally classified into two categories: those
with azolate bases and those with carboxylate bases. Azolate linkers typically exhibit a high degree
of conjugation than carboxylate linkers, which is inversely proportional to the band gap energy.
For instance, while Kang et al. [32] reported poor charge separation in two-dimensional conductive
MOFs, the use of a Cuz(HTTP)2/ZnO heterojunction significantly improved the separation of UV-

generated charge carriers (Figure 1.2).

Fig. 1.2. (a) Schematic illustration of the Cus(HHTP)2/ZnO structures on ITO

substrate under the light illumination from the substrate side. (b) Energy band diagram of
the Cu3(HHTP)2/ZnO heterojunction under UV illumination at a wavelength of 365 nm.
Reproduced from ref [32] with permission. Copyright 2022, Wiley.

It exhibited a responsivity of 78.2 A/W and a detectivity of approximately 3.8x10° Jones
under a bias voltage of 1 V. In this study, charge separation is attributed to the heterojunction
formation at the ZnO and conductive Cuz(HTTP); interface, as well as the pyroelectric effect of
ZnO [32].

In other fields such as catalysis, the synergistic effect of PtO species and the Fe-based
sulfonate organic cage MOF (Fe-soc-MOF) was presented for the photocatalytic CO2 reduction
reaction (Figure 1.3). An appropriate amount of Pt loading (1.5 wt%) in Fe-soc-MOF exhibited a
selectivity of 94% to CO, with yields of 285.6 umol/g for CO and 18.1 umol/g for CHas. The high
COy affinity of Fe-soc-MOF, combined with the decreased adsorption capacity of the CO
intermediate, leads to high selectivity [33].

In the field of energy, the construction of an electrode using zinc ferrite and ferric oxide-

based MOFs with a 2-methylimidazolate ligand was reported. It exhibited remarkable structural
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stability and electrochemical performance. With the incorporation of ferric oxide, the migration
energy of the lithium ion (Li") decreases, resulting in better kinetics for ion diffusion, which excels

the performance of lithium-ion batteries [34].
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Fig. 1.3. Schematic representation of CO2 reduction photocatalyzed using PtO on

Fe-soc-O. Reproduced from ref [33] with permission. Copyright 2023, Elsevier.

1.2. Thermal and Chemical stability of metal-organic frameworks

The determination of chemical and thermal stability is crucial before employing MOFs in
different fields. Since the discovery of MOFs in the 1990s, tailoring the properties of MOFs using
the organic ligands has become much easier, which has led to their employment for compound-
specific adsorption of analytes [35, 36]. Modifications of the framework network are possible
using a combination of linkers and an appropriate metal node as per the requirements. However,
in case of other porous networks such as silica gel and zeolites, modification of the assembly is
limited to a small extent compared to the MOFs. Early complex coordination networks were
inflexible and quite unstable; for instance, the complex compound Cu(tpp)CuBF4 exhibited
instability upon solvent extraction after activation [37]. With the advent of novel technologies,
MOF synthesis has become more advanced, leading to the development of more stable and flexible
MOFs—such as (Zn(BDC))—that retain porosity even after solvent extraction [38].

The stability of MOFs is affected by many factors such as the strength of the coordination
bond, the strength of the acid, the modulator, and others [39, 40]. The strength of the coordination
bond is affected by the oxidation state of the metal node, which impacts the coordination of organic
ligands and metal nodes. It has been observed that the higher-valent metal centers exhibit stronger

coordination with organic ligands that contain oxygen, resulting in better water stability compared
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to organic compounds with lower-valent metal centers [41]. The water stability of MOFs is also
affected by other factors such as the charge density of the metal center and the pK, value of the
linker. For example, a comparison of coordination of isoreticular structures of Mg-based
frameworks and Zn-based frameworks with water molecules demonstrated that the Mg-based
framework is more water-stable due to stronger coordination of the metal center (Mg) with the
oxygen of water molecules, compared to the Zn counterpart [42]. The water stability of different
classes of MOFs with azolate base and carboxylate base can be discussed with the help of Lewis
acid-base coordination theory. It has been observed that the bond strength of the metal center is
directly proportional to the pKa value of the ligands. The classes of linkers with nitrogen that
enable coordination with metal centers, such as pyrazole and imidazole, have higher pK. values
compared to carboxylate linkers, in which oxygen enables coordination bond to form with the
metal center. So, the ZIFs consisting higher pK. value linkers form stronger bonds with the metal
centres, resisting water molecules or related entities that degrade its framework structure in
alkaline conditions [39]. MOFs belonging to this class are ZIF-7, ZIF-8, ZIF-71, ZIF-67, PCN-
601, and PCN-602, among others [39, 43]. In contrast, carboxylic group-based MOFs, especially
Zr-MOFs are stable in acidic conditions but unstable in alkaline conditions due to weaker bond
formation between Zr and carboxylic acid compared to OH™ [41]. This can be understood by the
theory of natural bond orbitals.

The structural integrity of ZIFs has been explored in different environmental conditions,
which is important for their combination with the metal oxides in the development of hybrid
materials. For instance, temperature dependent in-situ FTIR measurements elucidate the transition
of the ZIF-8 framework [44]. These measurements showed lattice expansion at temperatures less
than 200 °C, and other reversible structural deformations in the temperature range of 200 to 350
°C, followed by then irreversible structural degradation at temperatures >350 °C. Similar studies

have investigated other ZIFs such as ZIF-67 [45] and ZIF-7 [46], among others.
1.3. Overview of characterization fundamentals for MOF-MO systems
1.3.1. Synthesis from the chemical solutions

Synthesis via a chemical solution approach is an easy, low-cost, and repeatable method for
the development of metal-oxide films on substrates [47]. In this process, the chemical reactants
are mixed in a stoichiometric ratio according to the final film composition. The growth of the metal
oxide film by this approach occurs through the appropriate selection of chemical precursors and

their combination with a suitable solvent, followed by the thermal treatment to enhance the
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crystallinity of the oxide film. To ensure homogeneous deposition and control the kinetics for the
high-quality film formation, the selection of an appropriate solvent—and sometimes a complexing

agent—helps to design the optimal formulation of the solution [48, 49].
1.3.2. Scanning electron spectroscopy (SEM)

SEM is a surface imaging tool used to produce high-resolution images of a specimen
surface for the analysis of surface morphology and its composition. It uses high-energy electrons
to complete this task. This advanced microscopic technique falls under the category of surface
probe microscopy. Due to the short wavelength of focused and accelerated electrons, it can resolve
features in the nm regime [50]. To reduce the number density of gas molecules inside the
microscopic chamber and the collision probability between electrons and the gas molecules, a high
vacuum (107 to 10°® mbar regime) condition is vital [51]. Field emission guns and special SEM
lenses need ultra-high vacuum (10°-10'° mbar regime) to maintain a stable electron source tip.

High-energy primary electrons (in the keV range) [50] originating from the electron gun
(thermionic filament or field emission) traverse through the lens column onto the specimen surface
[52]. Following the scanning of the primary electron beam, a suitable detector quantifies the
interaction signal from the specimen surface. The quantified signals provide depth information
based on the interaction volume of the primary beam with the specimen. A secondary electron
detector detects low-energy electrons from an interaction depth of approximately 100 nm,
providing high-resolution morphological information [50]. Another detector detects high-energy
backscattered electrons from an interaction depth of approximately 1 pm, which are elastically
scattered back from deeper inside the sample; these provide compositional contrast [S0]. An EDX
spectroscopy detector detects characteristic X-rays emitted from the sample when the electron

beam displaces inner-shell electrons, providing elemental composition and mapping [50].
1.3.3. X-ray diffraction (XRD)

Diffraction of X-rays at periodic crystal lattices is the necessity of the wavelength (0.5 A
< X < 2.5 A) [53] to be approximately of the order of the periodicity of the corresponding
diffraction lattice [54]. Subsequently, a necessary condition for the diffraction is coherence
between the waves passing through the lattice [55]. Moreover, the diffracted waves are assumed
to be scattered elastically [54]. The necessary condition for constructive interferences among the

diffracting waves is satisfied if the following condition holds [54]:

28



2d sinf = nA (1.2)

where d represents interplanar spacing, 6 is the Bragg’s angle, n is the diffraction order,
and / is the wavelength of the incident X-rays.

In this thesis, the parallel beam (PB) configuration of the Rigaku’s SmartLab X-ray
diffractometer is used to enable high-precision measurements, especially for thin films [56]. In
principle, PB optics utilize multilayer mirrors optics, such as a PB collimator, to convert divergent
X-rays into a parallel beam. This greatly improves angular resolution by reducing axial divergence
and footprint errors caused by sample surface imperfections. In terms of the optical setup, a PB
slit is inserted after the X-ray source to collimate the beam into a highly parallel state [56]. The
incident optics typically include the X-ray tube (Cu Ka), multilayer mirrors, Soller slits, and PB
slits. This system automatically aligns these components based on the chosen measurement

package [56].
1.3.4. Raman spectroscopy

Raman spectroscopy is a non-destructive vibrational spectroscopic technique. When laser
photons impinge on a sample surface, they cause inelastic scattering, leading to molecular

vibration [57] and an energy shift that is quantized by a vibrational quantum number v, [58].
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Fig. 1.4. Schematic for the energy transitions for different scattering modes.

When a monochromatic source of visible light is incident upon the specimen surface, it

locally distorts the mobile surface charge carriers, resulting in excitation to a virtual state, vy. When
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the system relaxes from the virtual quantum state to the ground state (elastic scattering), it is known
as Rayleigh scattering [58]. Contrary to this, there is a possibility of relaxation to a higher
vibrational energy level, known as Stokes scattering [58]. In another case, if the molecule is
already in an excited state before the absorption of photons and then relaxes back to the ground
state, it is known as Anti-stokes scattering [58]. The whole concept is well illustrated in Figure
1.4.

1.3.5. X-ray photoelectron spectroscopy (XPS)

XPS is a surface sensitive spectroscopic technique that probes the binding energy of atomic
core-hole states [59]. In this technique, the soft X-rays irradiated on the specimen surface, and the
kinetic energy of emitted core-level electrons is analysed [59]. When the specimen surface is
irradiated by the X-rays with energy Av sufficient to overcome the work function of the
spectrometer (@specr), the rest is binding energy (Esr) of an initial core-level electron bound to the

atom and the kinetic energy (Exr) of the electron, as shown in Equation 1.3 [60].
hv = @spect + Exe + Epe (1.3)

The kinetic energy of the core-level of electron is commonly analyzed by a hemispherical
energy analyzer and @gec: 1S included because the binding energy of the core-level electron is
measured with respect to the Fermi level, rather than the vacuum level. To avoid the loss of binding
energy of the core electrons due to scattering events caused by gas molecules at moderate pressure
in the measurement chamber, an ultra-high vacuum condition is vital [61]. During analysis, the
degradation of samples depends on the total X-rays exposure, the sensitivity of the material to the

specific X-ray wavelength, the temperature of the surface and other related triggers.

1.4. Advances in VOCs and hydrogen sensing using hybrids

VOCs are organic species, which can easily evaporate at ambient conditions. Most
common sources of VOCs are household products— such as furniture, paints, deodorants,
cosmetics, cleansing products, and among others [62]. A prolonged exposure of these VOCs can
cause serious health issues depending on their critical concentration limits set by different
international regulatory authorities. For instance, Occupational Safety and Health Administration
(OSHA) has set safe exposure limit for ethanol (<1000 ppm) and over exposure to this limit may
cause temporary dizziness, problem in respiratory tract, but exceeding it to 10000-20000 ppm may
cause serious problems such as paralyses or death due to respiratory failure [62, 63]. Similarly,

other VOC species with their corresponding permissible limits—such as acetone (OSHA: 1000
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ppm) [62], toluene (OSHA: 200 ppm for 8-hour work shift) [64], formaldehyde (WHO: 82 ppb)
[65], xylene (OSHA: 100 ppm for 8-hour work shift) [64], and among others.

PM2.5 is a particulate matter with a mixture of solid particles (particle size <2.5 pm) and
liquid present in environment. This component is very significant in the evaluation of air quality
index. In 2024, U.S. environmental protection agency strengthened the standardization of PM2.5
concentration level and set its limit at 9 pgm™ [66]. But a study conducted in Lucknow, a city in
Uttar Pradesh, India [67], evaluated PM2.5 concentrations during contrasting seasons—monsoon
and non-monsoon. The results revealed that PM2.5 levels ranged from 29 pgm™ during the
monsoon to 64 pgm™ in the non-monsoon season. These concentrations significantly exceed
standard safe value of PM2.5, clearly indicating a alarming situation in the region.

A lot of studies have been conducted across the globe to assess the impact of VOCs and
total volatile organic compounds (TVOCs) on environment. Research investigated by Lai et al. for
two days have demonstrated time spent by human for activities and their VOC exposure in
different environments. It showed that human spend 90% of their daytime indoors—such as homes,
offices, and shops-where VOC exposure levels were found to be 20% higher than outdoors [68].
Human exposure to VOCs varies significantly across different geographical regions. Studies on
world’s two most populous countries, India and China—which are under-developing and causing a
lot of carbon emissions, facing significant air quality challenges. For instance, a pilot study
conducted in India before COVID-19 tracked VOC sources in two cities of Gujarat—Ahmedabad
and Gandhinagar [69]. By comparing contrasting seasons, the study found that total indoor VOC
concentrations in winter (327 + 224.2 pgm™) were significantly higher than in summer (150 +
121.0 ugm™), with indoor levels consistently exceeding outdoor measurements. Similarly, a 35-
day study in Beijing, China, across two contrasting seasons [70] reported that VOCs
concentrations were higher in winter than in summer. The average TVOCs concentrations in
summer was reported as 104.85 ugm™ (converted from ppbv), using conversion relation [71].

During COVID-19, extensive measures—such as the widespread use of disinfecting solvents
in homes, schools, and working places—were implemented to restrict the spread of COVID-19
cases. However, these actions led to a significant increase in TVOC concentrations. A study
conducted in Tarragona, Spain by Ninya et al. revealed that in 2021 [72], a sharp increase of
TVOCs approximately three-times compared to its concentration in 2019 was observed. A major
portion of this comes from solvents, which were present everywhere in schools at concentrations
range from 272 to 423 pgm, representing 68—83% of the TVOCs. Furthermore, indoor TVOC

concentrations were found to be approximately twenty times higher than outdoor levels.
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There is an urgent need for low-cost, high-performance sensors capable of selectively
detecting VOCs with low power consumption for their real-time monitoring. Hybrid materials
offer a sustainable and reliable solution by enhancing the sensitivity and selectivity of these
sensors. Among these, a new class of materials known as ZIFs has proven effective as either pre-
concentrators or porous sheath layers on metal oxides. These layers selectively adsorb target gas
species from complex environments. Various hydrophobic ZIFs are currently available; these
frameworks not only withstand against high RH but also provide numerous interaction sites
through their metal centers and specific functional groups. For instance, a study by Malepe et al.
demonstrated a highly sensitive sensor for toluene detection using these materials [73]. A
composite sensor based on carbon soot and ZIF-71 exhibited notable toluene sensing (0.27 Q)
even at 80% RH, with only a slight deviation (from 0.27 to 0.20 Q) when compared to 33% RH.
The sensor demonstrated a stable response across varying humidity levels at room temperature.
Moreover, Chen et al. reported the selective sensing of formaldehyde (S=14) at 150 °C,
maintaining stability even at high RH (70%) [74]. In that study, the high surface area (1832.2 m?/g)
of ZIF-67 facilitated increased formaldehyde adsorption, resulting in a fast response speed until
saturation. To investigate the sensing mechanism under high humidity, CO; infrared band
measurements were performed; these showed an enhancement in intensity prolonged exposure
time of the sensor to toluene. The recent developments in VOCs sensing technologies and their
corresponding mechanisms are tabulated in Table 1.1.

In general, PM2.5 and VOCs are the two major class of pollutants that require effective
mitigation. Classical filters—such as zeolites, activated carbon, and various polymer-based filters—
often suffer from limitations, including low selectivity and poor affinity for polar gaseous
molecules.

To address these challenges, a study reported on a composite electret filter (MERV-13)
integrated with porous MIL-125-NHz [75]. This composite exhibited remarkable simultaneous
removal efficiency for both PM2.5 and toluene. Though, its performance was limited to
environments below 30% RH, as its hydrophobic nature caused removal efficiency to degrade at
higher humidity levels. To overcome this issue, a PDMS layer was coated onto the composite to
enhance its external hydrophobicity. Afterwards, the filter maintained significant simultaneous

removal efficiency for PM2.5 and toluene at high humidity levels up to 60% RH.
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Table 1.1. Summary of the hybrid sensors for VOC sensing.

Sensing Sensing Target Interfering selectivity Detection Permisible  Ref.
material mechanism analyte analytes limit limit of
analyte
s- Resistance acetone Isoprene, >2.8 times 40 ppt < 1 ppm [76]
Nb2Os@SnO  change acetaldehyde, against
2 ammonia, diabetes
hydrogen,
toluene,
paraxylene,
and nitrogen
dioxide
ZnO@ZIF-8  Heterostructur  ethanol Ammonia, 2.1t025.8 460 ppb - [77]
nanosheets e effect, methylbenze
inhibition  of ne, methanol,
self-stacking of acetone,
nanosheets, carbon
and resistance monoxide,
change formaldehyde
, and nitrogen
dioxide
MOF derived Poyoxometalat n-butanol Methanol, >11 times - - [78]
heterostructu es interaction acetone,
res with WO3 and ethanol,
(WO3/ZnW fast carrier TMA, TEA,
04/CoWOy) transport, NHs, and
resistance DMF
change
ZIF-8 Heterojunction  xylene Acetone, >2.7 times 0.12 ppm 100 ppm set  [79]
derived effect, ammonia, by OSHA
ZnO/Nip9Zny selective methanol, over an 8-
10 contribution of toluene, hour work
Ni catalyst, and ethanol, and shift
resistance NO;
change
Carbon Using  FTIR toluene Acetonitrile,  >1.47 times 518 ppb 200 ppm set  [73]
soot@ZIF- studies and mesitylene, by OSHA
71 LCR meter ethanol, and over an 8-
nanoparticles  analysis, diethyl ether hour work
resistance shift
change

VOC detection is also vital for non-invasive breathomics [80]. The effective detection of

biomarkers within clinical limits using high-performance sensors is crucial for correlating
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metabolic processes with overall health. Recently, a study reported on ferrocene-encapsulated ZIF-
8 electrodes for the electrochemical (EC) sensing of four biomarkers: isopropanol, acetone,
ethanol, and acetic acid [80]. While the developed EC sensor exhibited detection of all four
biomarkers, only the detection of acetone fell within clinical limits. The detection levels for the
remaining biomarkers were outside the required clinical ranges; however, the study serves as a
significant proof-of-concept for this material platform.

Furthermore, a study was performed to design a bimetallic sensor for an effective detection
of acetone as a biomarker for diagnosing lung cancer. A DFT-based study investigated different
bimetallic combinations: (FeCoNsP/fullerene), (FeNiNsP/fullerene), (FeCuNsP/fullerene), and
(FeZnNsP/fullerene) [81]. The study revealed that a composite with the Fe-Cu combination
(FeCuNsP/fullerene) exhibited increased adsorption energy for acetone. Moreover, an application
of hollow ZIF-7 coated on stainless steel fibres was reported for the solid phase microextraction
of five biomarkers (hexanal, decanal, isopropanol, acetone, and hexanol) [82]. The studied ZIF-
coated fibre exhibited the highest extraction capacity and enhancement factor for acetone and
isopropanol, followed by hexanol, hexanal, and decanal. It demonstrated good repeatability by
maintaining notable extraction performance over 140 cycles of adsorption and desorption. This is
attributed to the porous structure, large surface area, gate-opening effect, and hydrophobic
interactions.

Preconcentrators have immense importance in state-of-the-art gas sensing technology.
Their function is to mitigate the low detection limits of standalone gas sensors. A preconcentrator
material should have a high adsorption capacity and an open structural form for the accumulation
of adsorbates, quick diffusion, and desorption at low temperatures. Commercially available
polymer-based preconcentrators have certain limitations; for example, their dense structures
increase desorption times and lead to slower kinetics [83]. To mitigate this issue, researchers are
focusing on developing adsorbent materials with open structural forms that enable the quick
diffusion of adsorbates, leading to a faster adsorption/desorption process.

Traditional adsorbent materials for filtering applications, such as Tenax TA and activated
carbon, remain in use, but research focuses on exploring alternative materials. For instance, a study
on MOF-5 as a preconcentrator for benzene molecules demonstrated a higher preconcentration
efficiency compared to the aliphatic ester series, due to better n- m interactions between benzene
molecules and the MOF-5 framework [84]. Additionally, another study focused on enhancing
preconcentration efficiency by adding a carbon-based preconcentrator to Carbopack-X adsorbent
material [85]. It exhibited a notable preconcentration factor of about 352 using a copper-based

preconcentrator for the detection of 10 ppb of isoprene. Moreover, a study investigated an NH»-
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UIO-66@PDMS adsorbent where the MOF was incorporated into a photoacoustic cell for the
detection of acetone at sub-ppm levels in breath samples [86]. It revealed an 11-fold enhancement
in signal intensity after the incorporation of the preconcentrator and an effective increase in
selectivity against interfering analytes (ethanol, propanol, water vapor, and oxygen). The
investigated adsorbent demonstrated notable reproducibility across five parallel adsorbents
loadings and showed notable stability during a 30-day temporal stability test without appreciable
degradation in sensing performance.

In the last five years, the world’s population has grown tremendously at a rate of around
0.8 to 0.9% per year [87]. As per international energy agency (IEA), global energy demand rose
by 2.2% in 2024, which is approximately double the annual average demand over the last decade
[88]. The continuous use of fossil fuels for all energy requirements has been causing environmental
degradation, leading to climate change that challenges human civilization [89]. Following this
same trend in the future could increase emanation of green-house gases by 50% by 2050; this is
predicted to increase the global air temperature to 6.4 °C in year 2100 from 1.1 °C in year 2000
[90]. Such a rise would have devastating effects on the climate. Currently, we can see the effects
of climate change through irregular rainfall [91] and other uncontrolled natural hazards [92]. Thus,
transforming global energy policy is an urgent need for today’s world. Many countries in the world
such as India and the European Union, have already taken strong action by adopting new energy
policies and implementing renewable clean energy laws for a clean and safe future [93].

Hydrogen is emerging as a versatile carrier of energy which supports the integration of
various energy systems, transforming them into more sustainable and low-carbon systems. It has
the potential to fulfil energy requirements in different fields, such as the electronics and power
industries. However, it is a flammable fuel with an explosion range of 4% to 75% in air [94].
Furthermore, it is colorless, tasteless, and odorless, which makes it difficult to monitor it using
natural senses. Although it is non-toxic, a high-concentration (~52%) of asphyxiants (including
hydrogen) can deplete the oxygen content in the air; which can cause death, because less than 10%
of oxygen in air is lethal [95, 96]. Thus, efficient hydrogen sensors for the detection of leakage
during transportation and storage are of great interest to researchers. Recent reports demonstrate
advancement in hydrogen sensor technology. For instance, Gao et al. published a study on 5 at.%
Pd-modified PdO/SnO: heterojunction-based sensors, which exhibited a magnificent sensing
response (Ra/Rg) of around 35 at 162.5 °C for 1000 ppm of hydrogen [97]. In this study, integrated
machine learning tools such as PCA and Random Forests, to extract features and assess models
for predicting outcomes at a high relative humidity of 80%. It revealed a 91% accuracy in

recognizing hydrogen concentrations. Such sensors, which maintain stable sensitivity in high-
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humidity conditions, can be employed in semiconductor industries and battery manufacturing [98,
99], among others. Moreover, a review by Thokala et al. reported the preconcentrator effect of a
MOF layer, which increases the concentration of hydrogen interacting with themetal oxide surface
via redox reactions [100].

ZIFs are a special subclass of MOFs, comprising divalent metal ions coordinated with
nitrogen atoms in the imidazolate linkers [101]. ZIFs have a porous framework, and integrating
them with metal oxides can contribute to synergistic effects. For instance, ZnO@ZIF-8 nanowires
using 10 wt% of ZIF-8 exhibited a selective sensing of hydrogen (50 ppm) with a response value
(Ra/Rg=1.44) compared to C¢Hs and C7Hg [102]. This can be attributed to the molecular sieving
effect. Furthermore, another study on the integration of a polydopamine and ZIF-8 composite with
In20Os3 thin films showed an enrichment effect and improved the hydrogen sensing response by
900% compared to an In2O3 film [103]. A synergistic effect between noble metals and ZIFs was
also observed; the catalytic effect of noble metals and the ultrahigh surface area of ZIFs provide
selective sensing of the target analyte and increased oxygen vacancies, respectively, in metal
oxide-based gas sensors. A reported study on ZnO@ZIF-71@Ag showed enhanced hydrogen
detection compared to a ZnO@ZIF-71 composite-based sensor due to the catalytic action of Ag
within the pores of ZIF-71 [103, 104]. The Ag-incorporated composite exhibited approximately
11 times higher sensitivity to 50 ppm hydrogen compared to the ZnO@ZIF-71 composite at 150
°C. This can be attributed to the molecular sieving effect of ZIF-71 and the catalytic action of the
Ag nanoparticles.

A synergetic effect between ZnO and ZIF-8 has been widely recognized for improving
hydrogen sensing properties. A study by Poschmann et al. has demonstrated the synergistic effect
of tetrapodal ZnO and ZIF-8 by developing a surface-converted pinhole-free overlayer of ZIF-8
on ZnO [4]. This study explains the sensing mechanism through three different scenarios, as shown
in Figure 1.6. Before gate-opening, the pore aperture (3.0 A) allows only small molecules, such as
hydrogen, to pass through the ZIF-8 and interact with the ZnO surface for chemoresistive sensing.
After gate-opening, the flexible framework expands and the pore aperture increases to 3.5 A, which
allows other gas molecules, such as methane, to pass through the ZIF-8. This process of allowing
gas molecules with a kinetic diameter less than or equal to the size of the pore aperture is known
as the molecular sieving effect. Similar studies have investigated ultra-selective sensing of

hydrogen using this approach [29, 105].
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Fig. 1.6. Schematic illustration of the sensing mechanism of ZIF-8 coated tetrapodal
ZnO with large pore aperture (a) 3.5 A, (b) between 3.0 and 3.5 A, and (c) 3.0 A.
Reproduced with permission from ref [4] from the American Chemical Society under a CC

BY-NC-ND 4.0 licence.

The specific choice of a MOF as a sheath layer on metal oxides depends on several
factors, including the required functionality, target analytes, and operating conditions. For
instance, ZIF-8 and ZIF-67 have the same organic linker (2-methylimidazolate) and the same
sodalite (SOD) topology, but they differ in their metal nodes—Zn and Co, respectively [106]. A
comparison of the physicochemical properties of these two ZIFs clearly demonstrates the influence
of the metal node. In contrast, two ZIFs (ZIF-8 and ZIF-7) possess the same metal nodes and SOD
topology but differ in their organic linkers, resulting in variations in pore size, cage size, and other
physicochemical properties [106, 107]. Furthermore, transitioning from ZIF-8 to ZIF-71-
maintaining the same metal node while changing the topology (SOD to RHO) and organic linker—
provides insights into thermal and chemical stability, even under exposure to acidic gases [108,
109]. Therefore, a comprehensive investigation of the physicochemical properties of these ZIFs
integrated with the same metal-oxide-based hybrid structures enables the contribution of
individual structural parameters to be isolated by keeping the other variables constant.

The demand for efficient hydrogen sensors is expanding in the aerospace industry and
space missions [110, 111]. To reduce carbon emissions, hydrogen is being used as a fuel in aircraft,
which requires hydrogen-based engines. At high flying altitudes, oxygen concentration decreases,
leading to the requirement for efficient sensors whose sensing mechanism depends on factors other

than oxygen. Technological developments in hydrogen-based fuel cells leads to the use of moisture
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instead of oxygen for the hydrogen leak detection in aircraft systems [112]. For instance, Pd-alloy-
based Schottky diodes do not require oxygen for their operation [113]. Pd catalyses the
dissociation of hydrogen molecules into atoms, which then react with the oxide film. The resulting

change in electrical properties reflects the change in hydrogen concentration.

1.5 Summary and Conclusions of Chapter 1

Metal oxides are widely explored materials that are sensitive to various gases. Generally,
undoped and non-functionalized metal-oxide-based sensors exhibit limited selectivity to target
analytes and intolerance to different environmental conditions. Moreover, bare metal oxides have
certain limitations, such as limited light absorption, rapid electron-hole pairs recombination, and
wide-bandgaps, among others. Thus, further modification of metal-oxide-based sensors is required
to overcome these limitations.

Following the corresponding literature, it can be deduced that pristine metal oxides, such
as SnO», ZnO, CuO, and among others, have been studied extensively for gas sensing applications.
Though, the limitations of poor selectivity and sustainability in different environmental conditions,
such as high RH conditions and high temperatures, remain a crucial challenge. Thus, new hybrid
material combinations, such as MOF- or ZIF-coated metal-oxide-based layered structures, need to
be developed using simple and cost-effective approaches. A comprehensive investigation of their
physicochemical properties is required to correlate these properties with gas-sensing performance
and to explain the underlying physics of the sensing mechanism.

The synergistic effect of MOFs and metal oxides in the field of gas sensing has been studied
extensively, though an appropriate sensing mechanism is not discussed in detail. Although, the
flexibility of MOFs and their corresponding molecular sieving effect have been widely discussed,
a robust model to connect the chemical affinity of target analytes to MOFs—based on their
adsorption energy, polarity, and interaction strength—still need to be developed.

The stability of ZIFs is discussed in different acidic and basic media. Moreover, only
limited investigations using in-situ temperature-dependent measurements on variety of ZIFs, such
as ZIF-71, ZIF-7, ZIF-67, and ZIF-8, have been conducted. An extensive study of these
measurements provides information about the structural integrity and phase transitions of the ZIF

framework.
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2. DEVELOPMENT AND CHARACTERIZATION OF METAL OXIDES
AND MOF SYSTEMS

2.1. Tools and methodologies for characterizing metal oxides and the MOF-MO hybrids

In this Chapter, the synthesis of bare metal oxides such as ZnO, CuO, and doped metal
oxides such as CuO:Al, Cd-doped ZnO, was performed using the synthesis from chemical solution
(SCS) approach. On the other hand, the synthesis process for ZIFs was carried out through a liquid
solution approach at room temperature.

The morphological properties of metal oxides and the developed hybrid structures were
investigated using SEM. The measurements were conducted using a Carl Zeiss SEM operated at
7 kV and 10 pA. The corresponding elemental mapping and the compositional analysis were
conducted using Zeiss Gemini Ultra55 Plus EDX system attached to the SEM apparatus.

The structural investigation was performed using a Rigaku diffractometer equipped with a
high flux X-ray source (9 kW), with a rotating anode Cu Ka1 (1.54 A) operating at 45 kV and 200
mA. The measurements were performed within the 26 range of 2-100°, depending on the sample,
with a step size of 0.05°. The real-time structural evolution and phase degradation of ZIFs were
measured using temperature-dependent in-situ XRD. In-situ measurements were performed using
an Anton-Paar DHS 1100 temperature stage. The measurements were performed within the 20
range of 4 to 40° at a step size of 0.04°. All the in-situ measurements were performed at a scan
speed of 11.48 degrees per minute; thereby, all the ZIFs were exposed to X-rays for 3.14 minutes
at each temperature. A HyPix-3000 hybrid photon counting one-dimensional line detector was
employed to acquire high resolution diffraction data.

To acquire the structural and chemical information in the specified region of the sample
with high spatial resolution, the micro-Raman measurements were performed using a WITec 300
RA system. A solid-state Nd:YAG laser (8§ mW) was used as the excitation source. For almost all
the samples, a green laser line with a wavelength 532 nm from the Nd:YAG laser except ZIF-67
based samples. For ZIF-67-based samples, a red laser line with a wavelength of 633 nm was used
at low intensity to avoid thermal degradation associated with strong-light absorption of cobalt (II)
ions in the visible range. The inelastically scattered light was analyzed by a triple grating
spectrometer equipped with a charge-coupled device (CCD) detector, optimized at a blaze
wavelength of 500 nm. The choice of diffraction grating determined the accessible range and
resolution. High-groove density gratings (1800 grooves/mm) offer superior spectral resolution but

restrict the measurable range to ~900 cm! owing to the finite CCD dimensions. In contrast,

39



gratings with lower groove densities (1200 grooves/mm and 600 grooves/mm) extend the spectral
coverage to ~1400-1600 cm™ and ~3500 cm™!, respectively, albeit with reduced resolution.

Nitrogen adsorption-desorption isotherms of ZIF particles were measured at 77 K using a
Micromeritics 3Flex 3500 physisorption instrument to study the pore size distribution and
Brunauer-Emmett-Teller (BET) surface area. Prior to measurements, the samples were degassed
under vacuum at 140 °C for ZIF-8 and ZIF-67, or at 200 °C for ZIF-7 and ZIF-71 samples. The
Flex software from Micromeritics was used to determine the BET surface area of the ZIF particles.

Thermogravimetric analysis (TGA) was performed on ZIF particles using a simultaneous
thermal analyzer (STA) 449 F3 Jupiter® (Netzsch Germany). A small amount of ZIF particles was
placed in alumina crucibles and heated from 25 °C to 800 °C at a constant rate of 5 °C/min under
a continuous synthetic air flow of 50 ml/min during measurements.

XPS spectra of ZIF-coated CuO:Al films and ZIF-coated ZnO films were obtained using
an XPS ultra-high vacuum (UHV) system (Prevac Sp. z 0.0.). The base pressure in the analytical
chamber was maintained in the range of 1¥10® to 1¥10” mbar range, which was achieved by a
combination of a scroll backing pump and a turbomolecular pump. A non-monochromatic Al Ka
excitation X-ray source (1486.6 eV) was operated at 300 W (15 kV, 20 mA). Survey scan spectra
were obtained within the binding energy range of 0 to 1300 eV with three iterations for each scan
at a pass energy of 200 eV. High-resolution spectra of the core levels (C 1s, Cu 2p, Co 2p, Zn 2p,
O 1s, and N 1s) were obtained with twenty iterations at a pass energy of 50 eV. The obtained XPS
spectra were analysed and processed using CasaXPS (2.3.23) software. The whole spectra were
shifted by calibrating the binding energies against the Zn 2ps/ line of the corresponding ZIF at
1021.7 eV. High-resolution XPS scan spectra were fitted using Gaussian-Lorentzian (1:1)
functions, and the background was removed using the Shirley algorithm. Subsequently, relative
sensitivity factors were applied after background subtraction to ensure the elimination of
interfering signals and baseline noise. Finally, the chemical surface composition was determined
by numerically integrating the peak areas.

For the gas sensing measurements, the prepared samples were exposed to a range of gases
(n-butanol, hydrogen, 2-propanol, acetone, ethanol, and ammonia) at different test gas
concentrations (10 ppm, 50 ppm, 100 ppm, and 1000 ppm) at different operating temperatures (20
°C, 150°C, 200 °C, 250 °C, and 300 °C). The sensing setup consisted of a gas flow system (carrier
gas, target analyte, bubbler, and mass flow controllers (MFCs)), a closed chamber (sample
platform, electrodes, temperature control, and inlet and outlet ports), and a Keithley 2400 source

meter, controlled via a LabView interface.
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The test gas was diluted to the desired concentration by mixing it with air using MFCs
[114]. The final concentration (Cy) after dilution can be calculated using the formula:

G XK 2.1
f E,

where C; is the initial test gas concentration in the bottle, F, is the flow rate of the analyte,
and F, is the flow rate of the mixture of the test gas and air.

Gas flow rates of the analyte (F,) and the mixture of analyte and air () in the closed
chamber were kept at 200 standard cubic centimetres per minute (sccm). Below the sample
platform, a heater was placed to control the temperature using a microcontroller. Samples were
tested in the presence of test gases at different RH levels of 11%, 50%, and 81%, measured using
a hygrometer, as previously reported [115]. Using a bubbling system, by passing a carrier air
through water at different temperatures depending on the desired RH% and then injected into the
closed chamber. The two-probe measurement method was used to perform all the electrical
measurements. As both a precision source and measuring instrument, the Keithley 2400 series
sourcemeter® unit provides programmable voltage and current sourcing with integrated high-
accuracy measuring capabilities.

The gas sensing response (S) was determined using the following relations depending on

the type of the semiconducting material and the gas type, as shown in Table 2.1.

Table 2.1. Gas sensing response (5) for n-type and p-type semiconductors for

reducing and oxidizing test gases [116, 117].

Reducing gas Oxidizing gas
3 R.—R R, —
n-type S(%) = —*—9 % 100% S(%) = —2—2 % 100%
R, R,
-t R, —R R,—R
p-type S(%) = —2— "% % 100% S(%) = —2—9 % 100%
R, R,

where R, is the resistance of the sample in air and R, is the resistance of the sample in the
presence of test gas.

The response and recovery times are defined as the time required to reach 90% of the total
change in resistance of the sample after the gas exposure and the time required to return back to
the 10% of the total resistance change after turning off the gas, as it approaches the baseline

resistance, respectively.
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2.2 Development of the ZIF-8/CuO:Al-based MOF/MO hybrids

Aluminium-doped CuO (CuO:Al) hybrid structures were deposited on glass substrates with
dimensions 1.2 cm x1.4 cm % 0.1 cm, using an SCS approach, as previously reported [115, 118].
Prior to deposition, the glass substrates were cleaned using a multi-step cleaning process. The
substrates were immersed in a HNO3 (30%) solution for 10 minutes, followed by rinsing in
deionized (DI) water. Subsequently, the substrates were ultrasonically cleaned in ethanol and
acetone for 5 minutes, followed by another rinse in DI water. Thereafter, the substrates were dried
under a dry air flux. The deposition of the CuO:Al film was carried out by preparing cationic and
anionic solutions in two different beakers separately. For the preparation of the cationic solution,
a copper thiosulfate complex solution was used, comprising 1 mol/L of copper sulfate pentahydrate
(purity 99%, Sigma-Aldrich) and 1 mol/L of sodium thiosulfate pentahydrate (purity 98.5%,
Sigma-Aldrich). The cationic precursor solution was further diluted to 0.1 mol/L using DI water
under continuous stirring at room temperature. The Al dopant precursor was obtained by adding
10 mg of AI(NO3)3.9H>0 (Alfa Aesar) to 100 ml of DI water. The doping of Al was performed by
mixing the Al precursor solution into the cationic precursor solution [114]. On the other hand, the
anionic precursor solution consisted of NaOH (99%, Sigma-Aldrich) with a molar concentration
of 2 mol/L in DI water. It was continuously stirred at 80 °C. The deposition process, involving the
immersion of pre-cleaned substrates in precursor solutions, was carried out with the aid of an
articulated robot to avoid human error in dipping times and the number of SCS cycles [118]. After
multiple SCS cycles, the CuO:Al film was dried under a dry air flux, followed by the post-growth
heat treatment. The samples were thermally treated at 600 °C for 60 seconds using rapid thermal
annealing (RTA) to enhance the crystallinity of the thin film [115].

ZIF-8 was prepared by using a liquid solution approach at room temperature. For this
purpose, 297.49 mg (1 mmol) of zinc nitrate hexahydrate (99%, Fisher Chemical) and 328.40 mg
(4 mmol) of 2-methylimidazole (99%, Sigma-Aldrich) were separately dissolved in 20 mL of
methanol (> 99%, Fisher Chemical). Consequently, the later solution was poured into the former
solution and continuously stirred for 1 minute. After 24 h, the white solids were isolated from the
dispersion by centrifugation, followed by washing it with methanol (two times) and 2-propanol
(one time, > 99%, Sigma-Aldrich). The obtained ZIF nanoparticles were kept in 2-propanol to
prevent aggregation.

Prior to the ZIF-8 nanoparticles deposition on the CuO:Al structure, electrical Au contacts
were fabricated on the CuO:Al film using an Al mask in a meander configuration with an electrode
gap of 1 mm, following the established protocols [119]. The prepared ZIF-8 dispersion, with a

concentration of 0.75 mg/mL in 2-propanol was ultrasonicated for 15 minutes, followed by a
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deposition of 100 pL of the ZIF-8 dispersion on the CuO:Al structure in two iterations of 50 pL

each by drop-casting using a micropipette. The schematic illustrating the fabrication process of the

ZIF-8/Cu0O:Al-based hybrid structures on the glass substrate (Figure 2.1).

- I -

Substrate Deposition using SCS approach IDE pattern deposition using Au

Ultrasonication of ZIF-8 suspension Drop-casting of ZIF-8 suspension ZIF-8/Cu0: Al film

Fig. 2.1. Schematic illustration of the stepwise fabrication process of the ZIF-8/CuQO:Al

structures.

2.3. Synthesis and fabrication of the ZIF-71/CuO:Al-based MOF/MO hybrids

Al-doped CuO structures were deposited on glass substrates (1.2 cmx1.4 cm x 0.1 cm),
using an SCS approach, as previously reported [115, 118]. Using a HNO3(30%) solution, the glass
substrates were cleaned for 10 minutes, followed by rinsing in DI water. Afterwards, the glass
substrates were cleaned using ethanol and acetone mixture (1:1) for 5 minutes, followed by another
rinse in DI water and dried under a dry air flux. Thereafter, a cationic precursor solution was
prepared using a copper thiosulfate complex solution, comprising of 1 mol/L of copper sulfate
pentahydrate (99%, Sigma-Aldrich) and 1 mol/L sodium thiosulfate pentahydrate (98.5%, Sigma-
Aldrich). The prepared solution was diluted with DI water under continuous stirring at room
temperature to obtain a 0.1 mol/L of copper concentration. Al doping was performed in a diluted
cationic precursor solution, by adding 10 mg of aluminium nitrate hexahydrate (Alfa Aesar),
previously dissolved to 100 ml of DI water [114]. The anionic precursor solution was prepared in
DI water using 2 mol/L of sodium hydroxide (99%, Sigma-Aldrich) and was continuously stirred
at 80 °C. Following the preparation of precursor solutions, the pre-cleaned glass substrates were

immersed in the cationic and anionic precursor solutions using an articulated robot to avoid human
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error in dipping times and the number of SCS cycles [118]. Following the deposition of CuO:Al
films, the samples were dried under a dry air flux. Thereafter, the samples underwent post-thermal
treatment by RTA at 650 °C for 60 s, as reported previously [115].

ZIF-71 particles were prepared by using a liquid solution approach at room temperature.
Synthesis of ZIF-71 was carried out by using 1 mmol of zinc nitrate dihydrate (99%, Sigma-
Aldrich) and 2 mmol of 4,5-dichloroimidazole (97%, Tokyo Chemical Industry Co., Ltd.) were
dissolved separately in 20 ml of methanol (99.9%, Fisher Chemical) each. The later solution was
rapidly added to the former solution under continuous stirring for 1 hour, followed by a
centrifugation of dispersion solution, resulted in the separation of white solids from methanol.
Afterwards, washing of obtained white solids was carried out using methanol and 2-propanol
(99.5%, Sigma-Aldrich) separately. The obtained particles were kept in 2-propanol to prevent
aggregation.

Before the deposition of the ZIF-71 particles on the CuO:Al films, Au IDE contacts (170
nm thick) were fabricated on the CuO:Al films using Al mask in a meander configuration,
maintaining a interelectrode gap of 1 mm, as reported previously [119]. Following the
ultrasonication, ZIF-71 dispersion was drop-cast onto the CuO:Al surface in two iterations, 50 pL
each at an interval of 15 minutes. Figure 2.2 demonstrates the schematic fabrication of the ZIF-

71/CuO:Al structures.
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Fig. 2.2. Schematic illustration of the stepwise fabrication process of the ZIF-71/CuO:Al

structures.
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2.4. Fabrication protocols for ZIF-67, -7, -71, and -8 growth on ZnO-based templates

ZnO films were deposited on glass substrates (1.2 cmx1.4 cmx1 cm) using an SCS
approach. Before the deposition of ZnO, the glass substrates were cleaned using a dilute HCI (20%)
solution for 10 minutes, followed by rinsing in DI water. Thereafter, the substrates were
ultrasonically cleaned for 5 minutes using a mixture of ethanol and acetone in equal proportions
and then dried using an N> gas flux. The cleaned substrates exhibited hydrophilic properties. To
ensure uniform coverage of ZnO films, the substrates were sensitized by dipping them into a
SnCl,.2H>O/HCI solution.

Thereafter, a cationic precursor solution was prepared using a Zn(SO4).7H20 (99%, Sigma-
Aldrich) and NaOH (99%, Sigma-Aldrich). The prepared solution was diluted using DI water to
obtain Zn concentrations ranging from 0.25 to 0.75 M, as reported previously [47]. For the
synthesis of Cd-doped ZnO samples, 0.5 mg of CdSO4 (=99%, Sigma-Aldrich) was added to 500
ml of DI water, resulting in a Cd concentration of 5.46 uM. The solution was kept at room
temperature. Subsequently, the anionic aqueous solution was kept at 95-98 °C during deposition.

The growth of ZnO films was carried out using four dip-coating steps with the aid of an
articulated robot to avoid human error in dipping times and the number of SCS cycles. Firstly, the
substrates were dipped into the cationic precursor solution for 3 s, followed by dipping the
substrates into DI water to remove loosely attached cations. Subsequently, the substrates were dip-
coated into the anionic solution kept at 95-98 °C for 2 s, followed by immersion in DI water to
remove excess unreacted species. The deposition cycles were repeated multiple times to achieve
the desired film thickness, depending on the growth kinetics, as previously reported [120].
Afterwards, the prepared samples were thermally annealed at 650 °C for 2 hours.

Four types of ZIFs were synthesized as follows; all reactions were carried out at room
temperature. ZIF-67 dispersion was prepared by dissolving 1.35 g (4.6 mmol) of cobalt nitrate
hexahydrate (>98%, Sigma-Aldrich) and 16.35 g (199.1 mmol) of 2-methylimidazole (99%,
Sigma-Aldrich) in 9 ml and 60 ml Milli-Q® water, respectively. Consequently, the 2-
methylimidazole solution was poured into the cobalt nitrate hexahydrate solution. The mixture
was stirred for 6 hours, followed by the separation of the purple solids from the solvent by
centrifugation. Thereafter, the obtained solids were washed two times with Milli-Q® water and
methanol (>99.9%, Fisher Chemical) separately. The synthesis approach was carried out using the
established protocol [121].

ZIF-7 dispersion was prepared using 892.47 mg (3 mmol) of zinc nitrate hexahydrate (99%,
Fisher Chemical) in 60 mL of N, N-dimethylformamide (DMF, >99.5%, Fisher Chemical) and
1417.68 mg (12 mmol) of benzimidazole (>99%, Sigma-Aldrich) in 60 mL of methanol (>99.9%,
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Fisher Chemical). Following the complete dissolution of the precursors, the linker solution was
added to the zinc solution. The mixture was stirred for 1 minute. After 24 hours, the white solids
were obtained from the solvent after centrifugation, followed by three times washing with
methanol.

ZIF-71 dispersion was prepared by dissolving 351.22 mg (1.6 mmol) of zinc acetate
dihydrate (=99%, Sigma-Aldrich) in 40 mL of methanol (>99.9%, Fisher Chemical) and §876.54
mg (6.4 mmol) of 4,5-dichloroimidazole (>97%, Tokyo Chemical Industry Co., Ltd.) in a mixture
of methanol and DMF (methanol/DMF = 39.64/0.36, v/v). Following the complete dissolution of
the prepared solutions, the linker solution was added to the zinc solution. The mixture was stirred
for 4 hours, followed by the separation of white solids from the solvent by centrifugation.
Afterwards, the obtained white solids were washed three times with methanol. The synthesis
approach was carried out using the established protocol [122].

ZIF-8 dispersion was prepared by dissolving 892.47 mg (3 mmol) of zinc nitrate
hexahydrate (99%, Fisher Chemical) and 985.20 mg (12 mmol) of 2-methylimidazole (99%,
Sigma-Aldrich) in 60 mL of methanol (>99.9%, Fisher Chemical), separately. Following the
complete dissolution of solutions, the linker solution was added to the zinc solution and the mixture
was stirred for 1 minute. After 24 hours, white solids were separated from the solvent by
centrifugation and subsequently washed three times with methanol. Subsequently, the obtained
ZIF-8 nanoparticles were kept in methanol.

The obtained ZIF dispersions were prepared in methanol at a concentration of 5 mg/ml.
The obtained particles were found to have different sizes, depending on the synthesis conditions.
The observed particle sizes for ZIF-67, ZIF-7, ZIF-71, and ZIF-8 were approximately 200 nm, 200
nm, 500 to 700 nm (broad-range distribution), and 70 nm, respectively. Prior to ZIF deposition,
Zn0 films and Cd-doped ZnO films were patterned with Au IDEs (170 nm) using an Al mask in
a meander configuration with an interelectrode distance of 1 mm, as previously reported [119].
Following the electrical contacts patterning, ZIF dispersion was ultrasonicated for 15 minutes to
ensure a homogeneous mixture, followed by drop-casting each ZIF on ZnO and Cd-doped ZnO
films separately. The volume of the drop-casted dispersion differed for ZnO films (80 pl) and Cd-
doped ZnO films (50 pl).

2.5. Conclusions of Chapter 2
Metal oxides, including Al-doped CuO or Cd-doped ZnO were synthesized using a simple
and cost-effective SCS approach [6-8, 123], while all the ZIFs (ZIF-67, ZIF-7, ZIF-71, and ZIF-
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8) were synthesized using a liquid solution approach at room temperature, which requires low
energy consumption and offers good reproducibility [6, 7].

The development of ZIFs/CuO:Al and ZIFs/ZnO-based MOF/MO hybrid structures was
carried out using a simple drop-casting approach, optimizing the concentration of the ZIF

dispersion to achieve uniform coverage of the entire metal oxide surface [6, 7].
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3. ADVANCED CHARACTERIZATION AND ELECTRON TRANSPORT
ANALYSIS OF ZIF-8/CuO:Al HETEROSTRUCTURES FOR
CHEMORESISTIVE SENSING

3.1. Morphological, Structural, and Vibrational analysis of ZIF-8/CuQO:Al-based MOF/MO
hybrids

In this chapter, the material properties of the ZIF-8/CuO:Al-based MOF/MO hybrid
structures are studied. CuO:Al structures were synthesized using a simple and cost-effective SCS
approach, followed by the drop-casting of ZIF-8 particles on top of the CuO:Al film. SEM images
of the CuO:Al film prior to the ZIF-8 coating exhibited intergranular structures, as shown in Figure
3.1(a). These images reveal triangular-shaped CuO:Al grains within an approximate size range of
130 to 200 nm, distributed randomly without any orientation (Figure Al.1(a)). It was observed
that the CuO:Al grains are homogeneously interconnected, which can be attributed to the thermal
treatment (600 °C, 60 s). After the drop-casting of a well ultra-sonicated ZIF-8 dispersion on the
CuO:Al surface, the particles exhibited a uniform distribution, as shown in Figure 3.1(b). SEM
images revealed the rhombic-dodecahedral morphology of the ZIF-8 particles. The estimation of
the ZIF-8 particle size on the Si substrate was carried out by scaling the respective SEM images,

which revealed a particle size of approx1mately 70 nm, as shown in Figure Al. l(b)

Fig. 3.1. SEM images of (a) CuO:Al structures. (b) ZIF-8/CuO:Al-based MOF/MO hybrld

structures.

Elemental composition analysis of the CuO:Al film was carried out using EDX. The
investigated region considered for the EDX analysis was approximately 11.3 pmx8.5 pum, as
shown in Figure A1.2(a). Figures A1.2(b-c) shows the EDX mapping of the selected region reveals
the presence of Cu, O, and Al, as expected. The analysis reveals a composition of 45.5 at% Cu,

54.3 at% O, and 0.2 at% Al, which confirms the low doping concentration of Al in the CuO film.

48



The structural features of the ZIF-8/CuO:Al hybrid structures were investigated using
XRD. The XRD pattern of the investigated sample exhibited two primary peaks corresponding to
CuO at 20 angles of 38.81° and 35.56°, which correspond to the (1 1 1) and (1 1 1) lattice planes
of the monoloclinic phase of CuO. This was confirmed using the reference PDF map 1526990.
There are several other peaks present in the diffractogram that correspond to the electrical Au
connections, marked by #, as shown in Figure 3.2.

The peaks corresponding to Au were confirmed using reference pdf map no. 1100138. At
the lower 20-range from 7° to 32°, multiple peaks were present, which correspond to ZIF-8. The
most dominant peak with the highest intensity was observed at 20 =7.20°, which corresponds to
the (0 1 1) plane of ZIF-8. The positions of all ZIF-8 peaks were confirmed using a simulated
reference pattern obtained from a crystallographic information file [124]. The presence of Al was

not confirmed by XRD, which can be attributed to its low concentration.
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Fig. 3.2. XRD pattern of ZIF-8/CuO:Al-based MOF/MO hybrid structures. Our results:
The diffraction peaks are indexed to CuO (green), ZIF-8 (blue), and Au used for electrical
contacts (indicated by the symbol “#”). The black bars represent the simulated reference

pattern corresponding to the ZIF-8 phase [124].

Using Scherrer equation, the crystallite size (d) of ZIF-8 particles can be investigated

through XRD line profile [125]:
. Kx2 (3.1)
" B X cosh
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where K is the dimensionless shape factor, 4 is the wavelength (0.154 nm) of Cu-Ka
radiation, f is the full width at half maximum (in radians), and 6 is the Bragg’s angle.

On the primary peak of ZIF-8, three fitting functions were employed including the
Gaussian profile, the Lorentzian profile, and the Voigt profile. The best fitting function was
determined by comparing correlation coefficient of all three regression functions, resulting in the
highest value of coefficient of determination (R?) was observed for the Voigt function (0.98150).
Orthogonal distance regression optimization was used for the peak deconvolution. The FWHM ()

of the primary XRD peak (0 1 1) was determined using the empirical approximation [126]:

T (3.2)
B~ 0.5346 X w, + [0.2166 X w2 + w?

where wy is the Lorentzian broadening and wg is the Gaussian broadening.

The value of f was calculated to be 0.0049+0.02 radians. Using the Scherrer equation
(Equation 3.1), the estimated crystallite size comes out to be approximately d = 30 nm,
representing the coherent diffraction domains [127]. Although the ZIF-8 particle size estimated
via SEM was observed to be 70 nm, this contrasts with the crystallite size determined using the
Scherrer equation. This discrepancy indicates the polycrystallinity of the ZIF-8 particles, which
are composed of smaller crystallites [127]. This results in the formation of the extensive grain
boundaries, and the associated defect density provides active sites that offer optimization pathways
for sensing applications. No Al phase was observed during the XRD analysis of the ZIF-8/CuO:Al
hybrid structures, though its presence was confirmed by the EDX compositional analysis of the
film.

The vibrational states of the CuO:Al structures and the ZIF-8/CuQO:Al-based MOF/MO hybrid
structures were studied using Raman spectrum (Figure 3.3). The spectrum of the CuO: Al structures
exhibited the monoclinic phase and displayed three Raman-active modes: A (286 cm™), Bé (327
cm™), and B (614 cm™), which can be confirmed using the reported literature [128]. Similarly,
the Raman spectrum of the ZIF-8/CuO: 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’!, are 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 these Raman shifts
was confirmed by comparing the values for these vibrations with the reported literature,
specifically at 278 cm™!, 686 cm™, 1146 cm!, and 1458 cm™!, respectively [129, 130]. All compared

vibrational modes were confirmed except for the peak at 296.3 cm™, which showed a blue shift in
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the Zn-N vibrational mode. This can be attributed to the localized defects, such as missing linker
or uncoordinated metal sites [131]. Two additional modes were observed at 2932 cm™ and 3135
cm’!, which can be attributed to the antisymmetric stretching vibration (v) of C-H in the methyl
group and the imidazolate ring, respectively [132, 133]. These observations and the resulting

implications confirmed that ZIF-§ retains its structure after deposition onto the CuO:Al structures.

/1°°'-4 cm-1 ? ZIF-8/CuO:Al

3135 cm-1

=
= 2932 cm-1
9,
e -1

3‘ } i A, (1286 cm-1)
= JA\ (\/Bg 327 cm-1
g \‘,’[ "\ B2614 cm-1
g W/
— 'm‘ﬂ\

} ‘M

| i S CuO: Al
y M.ﬂ

500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

Fig. 3.3. Raman spectra of the ZIF-8/CuO:Al and CuO:Al structures.

3.2. Analysis of Thermal, Chemical, and Adsorptive properties of ZIF-8 and ZIF-8/CuQO:Al
hybrids

The thermal stability tests conducted on the ZIF-8 powder under a 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 3.4).
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Fig. 3.4. TGA profile for ZIF-8 weight decomposition in the synthetic air.
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Subsequently, by further increasing the temperature to 640 °C, a gradual weight loss of
about 65.1% was observed, which is attributed to the collapse of the organic framework and the
decomposition of the 2-methylimidazolate linkers [134]. Furthermore, upon reaching 800 °C, a
relatively stable plateau was observed, which is attributed to the transformation of ZIF-8 into
thermally stable ZnO, as confirmed using the previously reported literatures [44, 135].

XPS analysis of the CuO:Al (reference), partially covered ZIF-8/CuO:Al (low coverage),
and almost fully covered ZIF-8/CuO:Al (high coverage) samples was conducted to analyze the
surface chemistry. More details about the samples are given in Chapter 2. The survey spectra of
all three samples, with respective photoemission lines corresponding to each species, are given in
Figure 3.5(a). Low-resolution survey scan spectra of the CuO:Al film (reference) and ZIF-
8/CuO:Al hybrid structures (low coverage) exhibited a small Na 1s peak, which may attribute to
Na residual from the precursor solution (sodium thiosulfate pentahydrate) used in the synthesis
process. For the CuO:Al (reference) sample, the photoelectron lines were observed for Cu, O, and
C (Figure 3.5(a) (ii1)). Moreover, the ZIF-8/CuO:Al (low coverage) sample exhibited Zn 2p, N 1s,
and C Is photoelectron lines (Figure 3.5(a) (i1)) similar to the ZIF-8/CuO:Al (high coverage)
structures (Figure 3.5(a) (i)). Additionally, Cu-related photoelectron lines were also observed for
the low-coverage sample due to the incomplete coverage of the CuO:Al film by ZIF-8. However,
Cu-related photoelectron lines were not observed in the ZIF-8/CuO:Al (high coverage) sample.
High-resolution spectra provided detailed information about the chemical states and the bonding
of elements by focussing on the core-level electrons, which is not achievable using survey spectra
alone.

High-resolution spectra for the ZIF-8/CuO:Al (high coverage) structures are illustrated in
Figure 3.5(b-e). In this study, the photoelectron line corresponding to C 1s was deconvoluted into
two components at binding energies of 287.0 eV (C 1) and 286.1 eV (C 2), as shown in Figure
3.5(b). To further analyze these deconvoluted components to derive bonding information, they can
be compared to the existing literature. A variety of studies have reported on the deconvoluted
components of C 1s at different line positions. For instance, Soliman et al. showed a C 1s
deconvolution into three components positioned at 284.5 eV, 286.2 eV, and 288.8 eV [136], while
Liu et al. demonstrated a C 1s line at 284.8 eV [137] and Awadalla et al. reported a C 1s component
at 285.1 eV [138]. This shift in photoelectron lines observed in the literature makes the assignment
of these deconvoluted components ambiguous. The C 1 component observed at 287.0 eV can be
associated with the carbon atom linked to two nitrogen atoms in ZIF-8, as well as the carbon atom
bonded to oxygen via oxidation, because a small O 1s photoelectron line was also observed in the

survey spectra of the ZIF-8/CuO:Al (high coverage) structures (Figure 3.5(c)). The other
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component, C 2, can be associated with the carbon atom linked to one nitrogen atom in the

imidazolate ring.
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Fig. 3.5. XPS spectra of selected CuQO:Al samples: (a) labelled 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/CuO:Al (low
coverage), the Cu specific substrate lines are still visible, and (iii) CuO:Al reference
sample. (b — e) High-resolution spectra of the ZIF-8/CuO:Al (high coverage) sample: (b)
C1s,(c) O 1s, (d) N 1s, and (e) Zn 2p.
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The photoelectron line observed corresponding to the N 1s spectra can be deconvoluted
into two components N 1 and N 2, as shown in Figure 3.5(d). N 1 (more intense) at 400.1 eV can
be assigned to the nitrogen atom linked to the Zn>" in the ZIF-8 framework. On the other hand, the
less intense component, N 2, at 398.2 eV can be assigned to the uncoordinated 2-methyimidazolate
linker. The assignment of the deconvoluted N 1s components is according to the study by Tian et
al. [139]. Furthermore, the deconvoluted components (Zn 2p3/2 and Zn 2p1,2) of the Zn 2p spectrum
(Figure 3.5(e)) were observed at 1021.7 eV and 1044.7 eV, respectively. The difference in the
binding energies of these two photoelectron lines is approximately 23 eV, which corresponds to
the +2-oxidation state of Zn present in ZIF-8 [136, 139]. The high-resolution spectra of the ZIF-
8/CuO:Al structures (low-coverage) are illustrated in Figure Al.3(a-d). A thorough analysis is
complicated by differential charging from the CuO:Al film and the presence of an additional peak
in the C 1s spectrum. Moreover, the presence of Cu 2p lines (specifically Cu 2p3 and Cu 2p1.2) at
928.2 eV and 948.0 eV, respectively, and X-ray satellites at 937 eV and 956.8 Ev were noted. Due
to charge correction, the Cu 2p lines appear at binding energies 4.6 eV lower than reported in the
literature [140]. However, the ZIF-8/CuO:Al (low coverage) structures also exhibited
photoelectron lines corresponding to N 1s (Figure Al.3(c)) and Zn 2p (Figure Al.1(d)), which
closely align with the ZIF-8/CuO:Al (high coverage) structures. This also indicates the presence
of intact ZIF-8 on the surface of the low-coverage structures. Additionally, compositional analysis
was carried out on the ZIF-8/CuO:Al (high coverage) sample using XPS. The composition was
calculated to be approximately 56.2 at% C, 25.5 at% N, 16.3 at% Zn, as well as 2 at% O, which is
consistent with the reported literature [138]. However, the exact chemical composition can be
influenced by the preparation method employed for synthesis and deposition.
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Fig. 3.6. N2 adsorption-desorption isotherm curve of the ZIF-8 nanoparticles.
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To further probe the surface area of ZIF-8 nanoparticles, N> adsorption-desorption
isotherm measurements were undertaken at 77 K, with the results depicted in Figure 3.6.
Intriguingly, the ZIF-8 isotherm displayed Type-I behavior, indicating a microporous structure.
The obtained BET surface area was quantified to be 1647 m?/g, which is in good agreement with
the literature [141].

3.3. Gas sensing investigation and correlation with defect states of ZIF-8/CuQO:Al-based
MOF/MO hybrids

The gas sensing behavior of the CuO:Al film was assessed against various reducing gases:
hydrogen, n-butanol, 2-propanol, ethanol, acetone, and ammonia—across operating temperatures
(OPTs) ranging from room temperature to 350 °C. No detectable response was recorded below
250 °C. Sensing responses of 84% for hydrogen, 80% for 2-propanol, and 54% for n-butanol were
achieved at 300 °C. When the temperature was increased to 350 °C, the corresponding responses
were 90%, 70%, and 60% for hydrogen, 2-propanol, and n-butanol, respectively. These results
suggest that the selectivity between n-butanol and 2-propanol is more prominent at 300 °C than at
350 °C, as shown in Figure Al.4(a). Figure A1.4(b) presents the dynamic response to 100 ppm
hydrogen over three test cycles at an operating temperature of 350 °C. The baseline drift observed
in the hydrogen response (Figure A1.4(b) and (c)) was likely due to reaction by-products
accumulating on the sensing surface [142]. The hydrogen response and recovery times at 350 °C
were 17.1s and 37.1s, respectively, with an estimated uncertainty of +0.5s. Figure Al.4(c)
displays the dynamic responses to 100 ppm of the tested gases at 350 °C. Consistent with the above
discussion, hydrogen yielded the highest sensing response (~90%), followed by 2-propanol
(~70%) and n-butanol (~60%). Figure A1.4(d) shows the current—voltage (I-V) characteristics of
the CuO:Al film, exhibiting typical Ohmic behavior. As the temperature increased from room
temperature to 350 °C, thermal excitation enhanced the number of charge carriers in the
semiconductor, leading to an increased current [145]. However, at 350 °C, slight deviations from
linearity occurred in the I-V curves at low and high voltage ranges, as corroborated by earlier
studies [144].

Figure 3.7(a) depicts the gas sensing behavior of the ZIF-8/CuO:Al 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 150 °C to 350 °C. The operating temperature
significantly affects gas sensing by altering the electrical conductivity and charge mobility of the
sensing layer. At lower operating temperatures of 150 °C and 200 °C, no measurable gas response
was obtained, likely because slow reaction kinetics and insufficient thermal energy hindered the

activation process between the analyte and the sensor surface [145]. By increasing the temperature
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from 250 °C to 350 °C, the hydrogen response steadily increased, and a maximum response of
170% was observed at 350 °C. Conversely, other gases exhibited bell-shaped response curves with
maxima at 250 °C, followed by declines in the sensing response at higher temperatures due to
accelerated desorption [146]. The strongest response was observed for n-butanol among the ABE
(acetone—butanol—ethanol) molecules at all tested operating temperatures, indicating a greater
adsorption affinity than acetone and ethanol, in accordance with competitive adsorption isotherms
in ternary ABE systems [147]. 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. Figure 3.7(b)
presents the transient response to 100 ppm hydrogen for three cycles at 350 °C, showing response
and recovery times of 11.1s and 27.0s, with an estimated uncertainty of +0.5s. Figure 3.7(c)
illustrates the dynamic responses to 100 ppm of each gas at 350 °C. The enhanced hydrogen
response is attributed to improved gas diffusion at elevated temperatures.

Baseline drift observed in hydrogen sensing (Figure 3.7(b) and (c)) is likely due to surface

residues from reaction products, as explained by Equations 3.3-3.5 [142].

H, + 2Cu0 - H,0 + Cu,0 (3.3)
H, + Cu,0 - H,0 + 2Cu (3.4)
H, + Cu0 — H,0 + Cu (3.5)

Some of the H,O molecules generated as per the equations above may form strong bonds
with active sites on the CuO, resulting in the creation of hydroxyl-adsorbed species. This
phenomenon can significantly impede hydrogen desorption, contributing to a baseline drift
observed in subsequent cycles [148], as illustrated in Figure 3.7(b). The observed modest increase
in the sensing response during later cycles may be ascribed to the sensor's annealing history,
specifically the repetitive high-temperature measurements, documented in the literature [149].

The current-voltage (I-V) characteristics of the ZIF-8/CuO:Al hybrid sensor display
standard Ohmic behavior, as presented in the Figure 3.7(d). As the temperature increased from
ambient conditions to 350 °C, thermal excitation induced an increase in the carrier concentration
within the sensing layer, resulting in a corresponding rise in current [150]. However, at 350 °C, a
deviation from linearity in the I-V characteristics became evident at both low and high voltage
extremes, as corroborated by previous findings. CuO is characterized as a p-type semiconductor.
Under constant operating parameters, the resistance of this gas sensor is contingent upon the

amount of O, adsorbed on its sensing surface [9].
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of gases with a concentration of 100 ppm, (b) dynamic response to hydrogen at 350 °C, (c¢)
dynamic characteristic of all the tested gases at 350 °C; and (d). current-voltage (I-V)

characteristics at different OPTs.

The sensing responses of the ZIF-8/Cu0O:Al and CuO:Al sensors are visualized in Figure
Al.5, demonstrating sensing responses to various gases (including hydrogen, n-butanol, 2-
propanol, ethanol, acetone, and ammonia), derived from the data in Figures Al1.4 and 3.7. The
CuO:Al sensor exhibited approximately 1.5 times greater selectivity for hydrogen in comparison
to n-butanol at 350 °C. Post-ZIF-8 deposition, the ZIF-8/CuO:Al sensor exhibited over a fourfold
enhancement in selectivity for hydrogen over n-butanol. This improved selectivity can be
attributed to the molecular sieving effect of ZIF-8, which selectively permits the diffusion of
smaller hydrogen molecules (2.89 A) [151] through its pores to reach the CuO:Al surface.

Sensing performance is significantly impacted by the operating temperature. Figure A1.5
illustrates the sensing performance of both the CuO:Al and ZIF-8/CuO:Al structures as a function
of operating temperature for 100 ppm of the gases. Prior to ZIF-8 coating, no significant variation
in response was noted for the ABE molecules across different operating temperatures. Conversely,
the sensing response of the ZIF-8/CuO:Al film to ABE molecules initially increased as the

temperature escalated from 150 °C to 250 °C. A further increase in operating temperature to 350
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°C led to a decline in the sensing response. This behavior can be attributed to thermal effects that
influence the adsorption-desorption processes of ABE molecules on the sensing surface [152].
Consequently, 250 °C emerges as the most favorable or critical temperature for sensing ABE
molecules using the ZIF-8/CuO:Al sensor. The increase in sensing response after ZIF-8 coating
may be attributed to the accumulation of the target analyte, facilitated by the high porosity of ZIF-
8, which also acts as a concentrator [153].

To investigate the position of the defect states above the valence band, the activation energy
(Eq) of the ZIF-8/CuO:Al hybrid structures was evaluated by measuring the current (/) in an
ambient environment across a temperature range from room temperature (25 °C) to 350 °C. The
slope of the linear regression was calculated using a plot of In(I) against 1/T (as shown in Figure
3.8), which relates to the activation energy (E,) divided by the Boltzmann constant (kz) in
accordance with the Arrhenius Equation [123] (Equation 3.6).

E
Slope = — -2 (3.6)
kp

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 [154—156]. 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.
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Fig. 3.8. 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-based MOF/MO hybrid structures.
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Figure 3.9(a) presents the gas response characteristics of the ZIF-8/CuO:Al hybrid
structures when exposed to varying hydrogen concentrations ranging from 10 to 1000 ppm, under
operational conditions of RH 11% at 350°C. The sensor demonstrates the capability to detect
hydrogen concentrations as low as 10 ppm, yielding a response of approximately 50%. As
hydrogen concentration increases, a corresponding rise in response is observed, attaining nearly
400% at 1000 ppm.

In a similar way, Figure 3.9(b) illustrates the gas response of the ZIF-8/CuO:Al hybrid
structures to hydrogen concentrations between 10 and 1000 ppm at RH 50%. Notably, the response
at 10 ppm remains consistent across both humidity levels, yet significant variations are observed
at concentrations of 100 ppm and 1000 ppm. Transitioning from RH 11% to 50% induces only a
minor reduction in the hydrogen sensing response. Specifically, at 100 ppm, the response
diminishes from approximately 170% to 152% as the relative humidity increases from 11% to
50%. This slight variation can be attributed to the hydrophobic nature of the ZIF-8 layer on the
CuO:Al film [157].
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Fig. 3.9. Gas response of the ZIF-8/CuO:Al-based MOF/MO hybrid sensor to different
hydrogen concentrations and RH values (a) RH 11%, and (b) RH 50%.

Furthermore, an increase in relative humidity to 81% results in a further decrease in the gas
sensing response to about 75% at a concentration of 100 ppm, as depicted in Figure 3.10.

The theoretical lowest detectable limit (LDL) of the sensor is defined as the minimal
concentration of an analyte that can be reliably detected. According to the International Union of
Pure and Applied Chemistry (IUPAC), the LDL represents the smallest distinguishable signal from
background noise that a sensor can detect following exposure to the minimum amount of the tested
analyte [158]. This parameter is critical for assessing the sensing performance and can be

expressed in parts per million (ppm) or parts per billion (ppb).
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Fig. 3.10. The effect of operating temperature on the gas sensing response of the ZIF-
8/CuO:Al -based MOF/MO hybrid sensor at the relative humidity (RH) of 81%.

Figure 3.11 illustrates the relationship between gas sensing response () and hydrogen
concentration. The LDL and root mean square noise (#msnoise) are quantified in Equations 3.7 and
3.8, respectively.

The LDL can be articulated mathematically as [159]:

3 X rMSppise 3.7)
s

LDL =

and rmsqeise can be mathematically represented as:[160]

(R — R)? 3:8)

TMSpoise = n

where, s represents the slope of the linear fit of sensing response (%) plotted against the
analyte concentration (ppm), derived from linear fitting at lower concentrations (up to 100 ppm).
R;’s denotes the experimental data points of the baseline prior to gas exposure, while R is the
average of these consecutive baseline data points. The variable n indicates the number of baseline
data points collected before gas exposure.

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 hybrid sensor is approximately 402 ppb.
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Fig. 3.11. Sensing response (%) of the ZIF-8/CuO:Al -based MOF/MO hybrids as a

function of the hydrogen concentration (ppm).

To assess the temporal stability of the ZIF-8/CuO:Al hybrid structures, the dynamic
response to varying hydrogen concentrations was evaluated at RH levels of 11% and 50% after
three and four weeks. Figures A1.6 and A1.7 illustrate the dynamic gas sensing responses for
hydrogen concentrations ranging from 10 ppm to 1000 ppm, documented three and four weeks
post-initial measurements, respectively. The data indicate a slight decrease in the sensing response
under elevated humidity conditions (RH 50%) relative to lower humidity (RH 11%), particularly
at higher hydrogen concentrations. Notably, the sensor exhibited a consistent response at 10 ppm
across both humidity levels and durations, demonstrating robust detection efficiency even after
four weeks. This finding underscores the exceptional temporal stability of the fabricated sensor.

A comparative analysis with the existing literature is provided in Table A1.1. The current
study corroborates the sensor's good temporal stability, which maintained its performance over a
four-week period while attaining a low detection limit of 402 ppb. Defect characterization, derived
from the Arrhenius equation (~0.2 eV, V¢,), provides insights into the electronic properties of the
material. Furthermore, the sensor demonstrated substantial sensitivity retention even at a high RH

level (RH 50%), affirming its suitability for practical applications in real-world environments.

3.4. Mechanistic insights into the gas sensing process of ZIF-8/CuO:Al hybrids
CuO functions predominantly as a p-type semiconductor, primarily due to copper
interstitial defects that facilitate the formation of an acceptor state located just above the valence

band, as illustrated in Figure 3.12.
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the ZIF-8 layer to the CuQO:Al sensing surface.

Upon exposure to ambient conditions, oxygen molecules adsorbed on the sensor surface
are ionized into various oxygen ionic species, dependent on the operating temperature, as

delineated in Equations 3.9-3.14 [161].

O2(gas) < O2(aas) (3.9
O2(ads) < Ozaasy + 1" (3.10)
Oz(aas) © 20(_ads.) + ht (3.11)
Oa(adsy < Ofusy +h* (3.12)
Hy + O(gqsy + ht - H;0pap) (3.13)
CaHoOHagsy + 120545y + 120" > 4C0, + 5H,0 (3.14)

Various oxygen ionic species are adsorbed onto the surface of the sensing material. As
indicated in Equation 3.10, molecular oxygen ions (0 ) are formed at temperatures below 100°C.

The origin of monoionic oxygen (O°) and bi-ionic oxygen (O°) species is detailed in Equations
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3.11 and 3.12, corresponding to temperature ranges of 100°C < T < 300°C and T > 300°C,
respectively. The generation of holes (h*) occurs as electrons are transferred to the surface acceptor
level situated just above the valence band, as illustrated in Figure 3.12. When exposed to hydrogen
(H>), the hole accumulation layer (HAL) on the surface of CuO:Al decreases in width, as described
in Equation 3.13 [162]. In a similar manner, exposure to n-butanol (C4HoOH) leads to a reduction
in the HAL width on the CuO:Al surface, as indicated in Equation 3.14 [9]. The interaction of
target gases with adsorbed oxygen ionic species, through adsorption and desorption processes,
alters the sensor’s electrical resistance, resulting in a quantifiable response. After exposure of the
ZIF-8/CuO:Al hybrid sensor to hydrogen and n-butanol, the energy band representation is
illustrated in Figure 3.12. The mechanism of gas sensing in the chemoresistive ZIF-8/CuO:Al
hybrid sensor is fundamentally tied to the adsorption processes of hydrogen and other gases on the
sensor surface. The ZIF-8 coating significantly improves the adsorption capacity owing to its
highly porous structure, which promotes hydrogen diffusion through the coating and enhances its
interaction with the CuO:Al sensing surface [163]. Following the adsorption of hydrogen on the
vacant copper atom sites, the electronic properties of the CuO:Al surface experience notable
alterations. The dissociation of the H-H bond, succeeded by the formation of two O-H bonds, may
necessitate increased energy input due to the elevated concentration of oxygen vacancies, thus
complicating the reaction between hydrogen and CuO [142]. The reaction between CuO and
hydrogen molecules is represented in Equation 3.5 [164].

The mean free path of the gas molecules can be determined using standard kinetic theory,

as represented in the following relation [165]:

kT (3.15)
\/2nruzvp

where 4 is the mean free path of gas molecules, T is the operating temperature, 7, is the

A

collision diameter, and p is the atmospheric pressure.

Due to significantly lower concentration of target gas molecules (e.g., 100 ppm) in
comparison to the background gas, the number density of background molecules predominates.
Therefore, the value of A becomes independent of the small mole fraction, and atmospheric
pressure is incorporated into Equation 3.15.

At a temperature of 350°C, the mean free paths for all test gases (hydrogen, acetone, 2-
propanol, n-butanol, and ethanol) were calculated, yielding values of 164.9 nm, 94.5 nm, 94.2 nm,

75.7 nm, and 115 nm, respectively.
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The transport behavior of gas molecules can be categorized into three regimes based on
their Knudsen number (K,), which is defined as follows [165]:

K, = % (3.16)
where p; (0.34 nm) [166] is the pore size of the ZIF-8 nanoparticle.

Using Equation 3.16, the Knudsen number can be calculated for each tested analyte at an
operating temperature of 350°C. In all instances, the Knudsen number exceeds 10, indicating that
gas transport occurs within the Knudsen diffusion regime. For example, the Knudsen numbers for
hydrogen and n-butanol at this temperature are approximately 485 and 223, respectively. If all
target analyte molecules passed solely through the intrinsic pores of ZIF-8, diffusion would
proceed strictly via Knudsen diffusion. SEM analysis reveals that the CuO:Al film is
predominantly covered by the ZIF-8 layer; nevertheless, the ZIF-8 film is not entirely free of
pinholes, as grain boundaries and small defects are present. These structural imperfections may
locally enlarge the effective pore size, permitting contributions from transitional or even molecular
diffusion in certain regions. Consequently, while Knudsen diffusion serves as the primary transport
mechanism through the intrinsic ZIF-8 pores, transitional or molecular diffusion may also have
localized effects at grain boundaries and defects.

Figure 3.12 presents a schematic representation of hydrogen sensing (2.89 A) [151] through
the ZIF-8 layer, highlighting its smaller kinetic diameter compared to other VOCs, such as ethanol
(4.53 A) [151], 2-propanol (4.7 A) [167], n-butanol (5.0 A) [168], and acetone (4.6 A) [151]. Even
though the nominal pore size of ZIF-8 is 3.4 A [166], it does not serve as a sharp molecular sieve
due to its flexible framework. The larger cavity diameter of ZIF-8 (11.6 A) [166] has been shown
to allow access to various VOCs with kinetic diameters ranging from 4.3 to 5.85 A, significantly
larger than its nominal aperture size [166]. The interaction of VOCs with ZIF-8 may be influenced
by their electronic polarizability and van der Waals interactions with the ZIF-8 framework. Among
the VOCs, n-butanol (~8.57) [169] exhibited the highest electronic polarizability, followed by 2-
propanol (~6.67) [169], acetone (~6.27) [169], and ethanol (~4.92) [169]. This leads to the
heightened adsorption of n-butanol on ZIF-8 due to its strong van der Waals interactions with the
framework. According to research by Remi et al. [170], liquid-phase adsorption profiles of VOCs
on ZIF-8 conducted at room temperature demonstrated the highest uptake for n-butanol, followed
by 2-propanol, acetone, and ethanol. In the present study, the diffused molecules interacting with
the CuO:Al sensing surface exhibited a bell-shaped response curve, peaking at 250°C, followed

by a decrease at elevated temperatures due to the predominance of desorption. The gas sensing
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responses for n-butanol and 2-propanol are nearly equivalent within the margin of error, with n-

butanol displaying a marginally higher response at 250°C.
3.5. Conclusions of Chapter 3

The crystallite size of the ZIF-8 nanoparticles was estimated at approximately 30 nm,
determined using the Scherrer equation, which reflects the coherent diffraction domain size. SEM
provided comprehensive insights into the surface morphology, revealing a densely packed
arrangement of triangular-shaped CuO:Al grains along with a uniform distribution of rhombic
dodecahedral ZIF-8 particles on the CuO:Al film. The estimated particle size of ZIF-8 stood at
approximately 70 nm based on SEM imagery [6].

TGA demonstrated that ZIF-8 retains thermal stability up to approximately 380°C. XPS
offered detailed insights into the chemical states and elemental composition of the films, affirming
the integrity of the ZIF-8 layer following its deposition on the CuO:Al films [6].

The nitrogen adsorption isotherm quantified a BET surface area of approximately 1647
m?/g [6] and exhibited type-1 isotherm behavior, which is characteristic of ZIF-8. Moreover,
Raman spectroscopy corroborated the structural analysis by identifying key vibrational modes
associated with both the ZIF-8 and CuO phases.

The ZIF-8/CuO:Al hybrid sensor demonstrated exceptional sensing performance,
exhibiting temporal stability, a significant sensing response (75%) at low concentrations (10 ppm),
and durability in high relative humidity (81%) conditions [6]. Current measurements across
varying operating temperatures provided insights into the location of defect states by enabling the
calculation of the sensor's activation energy.

Notably, the fabricated sensor displayed considerable selectivity to hydrogen, exhibiting
over four times higher sensitivity compared to other tested analytes such as acetone, 2-propanol,
n-butanol, and ethanol at elevated temperatures (350°C) [6]. The sensor showed approximately
1.3- and 1.6-times greater selectivity to n-butanol when compared to ethanol and acetone,
respectively [6]. These notable characteristics establish the ZIF-8/CuO:Al-based MOF/MO hybrid
structures as formidable candidates for effective hydrogen sensing across diverse environmental

conditions.
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4. PHYSICOCHEMICAL EVOLUTION AND DEVICE INTEGRATION OF
Z1F-71/CuO:Al-BASED MOF/MO HYBRIDS FOR HIGH-PERFORMANCE
CHEMORESISTIVE SENSING

4.1. Multi-scale characterization of ZIF-71/CuQ:Al hybrids: From Vibrational dynamics

to Adsorption properties

The ZIF-71 dispersion was prepared in 2-propanol following the procedure outlined in the
experimental section of Chapter 2. The prepared dispersion, illustrated in Figure 4.1(a), was
subsequently drop-cast onto the CuO:Al structures featuring Au IDEs on the glass substrate, as
depicted in Figure 4.1(b). Initial investigations into the surface morphology of the CuO:Al
structures and the ZIF-71/Cu0O:Al composite-based hybrid structures were conducted using SEM.
The SEM image in Figure 4.1(c) reveals uniform intergranular structures covering the entire glass
slide substrate, with the CuO:Al film characterized by densely packed, triangular-shaped
nanograins that were likely formed through RTA at 650°C for 60 s. These grains exhibited random
orientations, indicative of isotropic growth during the annealing process [118]. In addition, SEM
analysis of the ZIF-71/CuO:Al hybrid structures was performed (refer to Figures 4.1(d), 4.1(f),
and 4.1(g)). The low-magnification SEM image in Figure 4.1(d) displays partial coverage of the
CuO:Al surface with ZIF-71 particles exhibiting a rhombic dodecahedron morphology following
the deposition of 50 uL of the ZIF-71 dispersion.

A corresponding high-resolution SEM image in Figure A2.1 further confirms these
particles while retaining features of the underlying CuO:Al film, suggesting that they are primarily
ZIF-71 particles adhering to the CuO:Al surface. This image facilitates a preliminary particle size
assessment, estimating sizes in the range of 500 nm to 750 nm.

Comparatively, Figures 4.1(f) and 4.1(g) illustrate both high- (200 nm) and low-
magnification (2 wm) images of the sample surface after a total deposition of 100 uL. of ZIF-71
dispersion, which shows enhanced coverage of the CuO:Al surface with ZIF-71 particles
compared to the 50 pL sample in Figure 4.1(d). Compositional analysis of the CuO:Al film was
performed using EDX characterization, detailed in Figure A2.2. The bright-field SEM image in
Figure A2.2(a) indicates the analyzed region of approximately 5 um x 4 um, with compositional
data derived from Cu Lal,2, O Kal,2, and Al Kal signal images (Figure A2.2(b-d)). The
measured composition was found to be O (43.6 at%), Al (0.1 at%), and Cu (56.3 at%), collectively
providing insights into the structural and compositional characteristics of the ZIF-71 dispersion on

the CuO:Al film.
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Fig. 4.1.(a) A photograph image of ZIF-71 dispersion in 2-propanol. (b) Representative
photographic image of fabricated gas sensor device with ZIF-71 dispersion drop-cast onto
the CuO:Al metal oxide sensing layer and Au IDEs. (c) Scanning electron microscopy
(SEM) image of the CuO:Al structures. (d) SEM image of the ZIF-71/CuO:Al hybrid
structures after the initial 50 pLL ZIF-71 dispersion deposition. (f) and (g) High and low
magnification SEM images of the ZIF-71/CuO:Al film after a complete cumulative 100 pL
ZIF-71 dispersion deposition. (¢) XRD pattern of the ZIF-71/CuQ:Al hybrid structures

with Au contacts.

All subsequent experiments were conducted on CuO:Al films exhibiting nearly complete
coverage by ZIF-71 particles, achieved through a cumulative dispersion volume of 100 puL. The
labelled XRD pattern of the ZIF-71/CuO:Al hybrid structures is depicted in Figure 4.1(e).
Prominent reflections of CuO were detected at 38.83 “and 35.67°, corresponding to the (1 1 1) and
(11 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 [171, 172]. Additional significant
reflections associated with Au, evident in Figure 4.1(e), arise from the Au interdigitated electrodes
(IDEs) utilized for electrical characterization.

Figure A2.3 illustrates the XRD pattern of the CuO:Al film containing only Au IDEs, revealing
clear reflections corresponding to CuO that support the initial hypothesis of a crystalline CuO
phase within the CuO:Al matrix. Notably, no reflections associated with Al or its oxides (PDF
card nos. 1000059, 1512488, and 1534642) were observed, likely due to the minimal doping
concentration of Al (0.1 at %). In addition, the XRD pattern for the ZIF-71/CuO:Al hybrid

structures presented in Figure 4.1(e) showcases multiple characteristic reflections of ZIF-71 within
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the 20 range of 4to 35. The more clearly distinguished positions of diffraction peaks corresponding
to ZIF-71 are illustrated in Figure A2.4, which displays the XRD pattern for the ZIF-71 particles.

The primary characteristic diffraction peaks of ZIF-71 are located at approximately 20
values of 4.42°and 7.67°, corresponding to the (1 1 0) and (2 1 1) planes, respectively [171]. The
crystallite size of the ZIF-71 particles was calculated employing the Scherrer equation (Equation
3.1). The FWHM was determined for the most prominent XRD reflection—(2 1 1) of ZIF-71 at
approximately 26 = 7.67°". Peak fitting was performed using a Voigt function with the orthogonal
distance regression pro iteration algorithm. The FWHM was computed using an empirical
approximation formula for the Voigt function (Equation 3.2).

The FWHM of the XRD reflection—(2 1 1) was determined to be 0.002 radians using
Equation 3.2. Subsequently, the crystallite size was calculated using Equation 3.1, resulting in an
estimated value of approximately 57.28 nm. Crystallites are defined as the smallest ordered regions
within a material, parted by grain boundaries that may exhibit partial amorphous characteristics.
The Scherrer equation specifically quantifies the size of these coherent diffracting domains [127].
A notable discrepancy was observed between the particle size (approximately 500 nm to 750 nm,
as estimated from SEM images) and the crystallite size (approximately 57.28 nm, calculated via
the Scherrer equation). This indicates that ZIF-71 particles are comprised of multiple smaller
crystallites. These results clearly indicate the polycrystalline nature of ZIF-71 particles [127]. The
increased number of grain boundaries suggests a higher density of active sites, which could
enhance the material's efficacy in sensing applications.

Figure 4.2(a) presents the Raman spectrum of the ZIF-71/CuO:Al film, revealing several
characteristic peaks indicating that 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
[173]. The peak at 443 cm™! corresponds to the stretching vibration of the Zn-N bond [174]. 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 [175]. In addition, peaks near 295 cm’!, 343
cm™!, and 629 cm™ correspond to the Ag, Big, and By, vibrational modes of the CuO film,
respectively [176]. The Raman bands at 1290 cm™ and 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 [177].

The thermal stability of ZIF-71 particles was assessed using TGA. The weight loss (TG)
and the derivative weight loss (DTG) are illustrated in Figure 4.2(b). The TGA demonstrated
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
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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-dichloroimidazolate linkers coordinated to terminal zinc atoms at the crystal

surface [178].
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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
4.2(c) displayed 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 close

agreement with the literature findings [179].
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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
4.3(a) reveals signals attributed to carbon and nitrogen from imidazolate units, zinc cations, and
chlorine anions from the organic ligand. 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 4.3(b)—(g), provide detailed insights.
The Zn 2p spectrum (Figure 4.3(b)) exhibited characteristic spin-orbit split peaks at 1021.7 eV (Zn
2p32) and 1044.7 eV (Zn 2p12) with a 23.0 eV splitting [73], indicative of a single zinc species.
The C 1s spectrum (Figure 4.3(c)) was deconvoluted into two components: a dominant peak at
286.8 eV (79%) corresponding to C-N/C=N and C-CI bonds [180], consistent with intact ZIF-71,
and a smaller peak at 285.2 eV (21%) attributed to carbon not bonded to electronegative partners,
which is unexpected for pristine ZIF-71. The N 1s spectrum (Figure 4.3(d)) features three
components: N 1 at 397.6 eV (5%) assigned to C-N bonds, N 2 at 399.7 eV (80%) linked to H-N
bonding [180], and N 3 at 401.5 eV (15%), consistent with Zn-N species and indicating partial
degradation.

The higher binding energy component aligns with previous synchrotron X-ray studies
revealing ZIF-71 degradation [181], while Zn 2p remained stable, validating its role as a binding
energy reference. The Cl 2p region (Figure 4.3(e)) displays four peaks corresponding to two spin-
orbit doublets: Cl 2 and CI 2" at 201.3 and 202.9 eV assigned to C-CI bonds [182], and CI 1 and
Cl 1" at 199.1 and 200.7 eV [181], respectively, associated with Zn-Cl bonds formed during X-
ray-induced degradation [181]. The C-Cl doublets constitute 71% of the Cl intensity, whereas Zn-
Cl degradation products represent 21% of the total CI intensity. 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. Repeated measurements (Figure 4.3(g)) showed an increase in Zn-Cl doublet intensity
from 21% to 42%, indicating progressive X-ray-induced degradation during XPS acquisition. This
rapid degradation appears primarily driven by secondary electrons rather than direct X-ray
exposure, given similar effects observed under laboratory XPS conditions and the much higher
photon flux at synchrotron sources. Raman analysis prior to XPS confirmed the intactness of the
ZIF-71 layer without X-ray or electron exposure, supporting the conclusion that degradation

occurs during XPS measurement.
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Fig. 4.3. XPS spectra of the ZIF-71/CuO:Al-based MOF/MO hybrids: (a) survey spectra
showing XPS lines of all elements present. High-resolution (b) Zn 2p region. (c¢) C 1s
region. (d) N 1s region. (e) Cl 2p region. (f) O 1s region. (g) Cl 2p region, second

measurement.
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The susceptibility of ZIF-71 to X-ray damage is attributed to the fact that the halogen (-CI)
facilitates radical formation from C-Cl bonds, promoting C-H and C-N bond activation and linker
fragmentation [183]. The O 1s spectrum (Figure 4.3(f)) shows a broad peak at 532.5 eV, consistent
with slight oxidation possibly forming alcohols, ketones, oxidized nitrogen species, or zinc
hydroxides— while the formation of ZnO (530.7 eV) is ruled out [184].

Elemental quantification from XPS yields approximately 36.7 at% C, 23.8 at% Cl, 21.8
at% N, 15.7 at% Zn, and 2.1 at% O. The C:Cl and C:N ratios (~3:2), and N:Cl ratio (~1:1), align
with the stoichiometry of 4,5-dichloroimidazolate units in ZIF-71. The relatively lower Zn content
suggests excess 4,5-dichloroimidazolate species at the surface, consistent with the larger weight
loss observed during TGA.

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) versus the inverse of the corresponding
temperature (1/T) (Figure 4.4). The slope of the resulting curve provides the activation energy (E,)
using the following relation:

E
Slope = _Ta 1)

where k (eV/k) is the Boltzmann’s constant.
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Fig. 4.4. The Arrhenius plot of In (I) vs 1/T for the calculation of activation energy.

The slope of the plotted curve is approximately 3.32 * 10° K. Using Equation 4.1, the

activation energy (£,) was calculated to be approximately 0.28 eV. The determined activation
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energy (E.) corresponds to defect levels or hole trap states (Vcu) [154, 185]. Specifically, it
corresponds to copper’s shallow acceptor states, in contrast to the deep acceptor states observed
in other metal oxides (e.g., MgO) [185].
Band bending at the metal-semiconductor interface originates from the difference in
work functions, which drives charge transfer across the junction. For Au contacts formed on p-
type CuO:Al, this results in upward band bending near the interface (Figure 4.5(a,b)). This effect
causes electron depletion and hole accumulation, effectively reducing the injection barrier for

holes and establishing an Ohmic contact with the p-type semiconductor oxide.
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Fig. 4.5. The energy band diagrams of Zn and CuO (a) before, and (b) after Ohmic contact.
(c) Current-Voltage measurement of Au IDE (170 nm thick) contacts to p-type CuO:Al

sample.

The magnitude of band bending depends on the disparity between the metal’s work
function and the semiconductor’s electron affinity [186]. This bending alters the effective work
function and induces a depletion region of width (/) at the interface. The space charge region thus
formed thus facilitates low-resistance charge transport. The linear current—voltage characteristics
observed in Figure 4.5(c) confirm the presence of Ohmic contacts between the Au IDEs and the

CuO:Al structures.

4.2. Evaluation of the sensing performance of ZIF-71/CuQO:Al hybrids

The gas sensing performance of the CuO:Al structures without and with ZIF-71 coating,
was tested and evaluated for a series of analytes (n-butanol, ethanol, 2-propanol, hydrogen gas,
ammonia gas, and methane gas) at a concentration of 100 ppm at different operating temperatures
ranging from 20 to 250 °C. The transient gas sensing measurement of the CuO:Al film (without
coating) towards hydrogen at 250 °C exhibited 45% response (Figure 4.6). The corresponding
response and recovery times were calculated and the approximate values were 11 s and 15 s,

respectively.
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Fig. 4.6. Transient gas sensing response of the CuQO:Al sensor (without ZIF-71 coating) to
100 ppm of hydrogen at 250°C operating temperature.

The comparative results for the gas sensing response of the CuO:Al film, both without and
with the ZIF-71 coating, for a series of analytes at different tested temperatures are demonstrated
in Figure 4.7 (a) and (b). The application of a ZIF-71 coating on CuO:Al films significantly
improves gas-sensing responses to hydrogen, n-butanol, 2-propanol, and acetone at operating
temperatures of 200°C and above. Notably, at 200°C, the ZIF-71-coated sensor exhibited a
markedly improved response compared to the uncoated CuO:Al sensor. This enhancement is
attributed to synergistic interactions at the ZIF-71/CuO:Al interface, where selective adsorption of
target gases at ZIF-71’s active sites increases sensitivity and selectivity, particularly toward n-
butanol and hydrogen at their optimal operating temperatures [170, 187]. For n-butanol sensing,
the gas response (S) increases dramatically from approximately 0.1% in the bare CuO:Al sensor
to 11% for the ZIF-71/CuO:Al-based hybrid sensor at 200 °C, highlighting the pivotal role of ZIF-
71 in enhancing detection.

Figure 4.7(b) shows gas sensing responses of the CuO:Al films (with ZIF-71 coating) to a
series of test gases, with the highest sensitivity to hydrogen (~60%) observed at 250°C. No
detectable response occurred at 20 °C or 150 °C for any analyte, likely due to adsorption of non-
reactive molecular oxygen ionic species (0, ) on the sensor surface, causing slow analyte reaction
kinetics at these lower temperatures [188]. Within the 200-250 °C range, the sensor responded
distinctly to VOCs and hydrogen, whereas a gas sensing response for methane and ammonia was
not observed across all tested temperatures, likely because these gases lack oxygen-containing
functional groups, resulting in only weak physisorption on the sensor surface [189]. The strongest

sensing response was observed for n-butanol at 200°C and hydrogen at 250°C. At 200°C,
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selectivity toward n-butanol was approximately four times that of hydrogen and five times that of

acetone, underscoring the preferential interaction of the sensor with specific analytes in this

temperature regime.
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Fig. 4.7. Gas response to a series of gases with concentration of 100 ppm at different
operating temperature for CuO:Al sample: (a) Without ZIF-71 coating, RH10%. (b) With
metal-organic frameworks ZIF-71 coating initial test, RH10%. (c) With metal-organic
frameworks ZIF-71 coating after 21 days, RH10%. (d) With metal-organic frameworks
Z1F-71 coating after 21 days, RH50%.

To elucidate the sensor’s interaction with n-butanol, Gao et al. [168] studied the desorption
kinetics of n-butanol across three different ZIFs: ZIF-8 (pore aperture 3.4 A), MAF-6 (7.6 A), and
TIF-1 Zn (11.7 A). They observed that smaller pore apertures correspond to slower desorption
rates, with desorption temperatures measured at 230°C for ZIF-8 and 130°C for TIF-1 Zn, clearly
demonstrating the crucial role of pore size in desorption behavior. Accordingly, the desorption
temperature for ZIF-71, possessing a 5.1 A pore aperture, is expected to range between those of

ZIF-8 and MAF-6, approximately 200-230°C [187]. Additionally, Wang et al. [187] demonstrated
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that ZIFs with larger pore windows exhibit higher adsorption affinities for n-butanol relative to
acetone and smaller-chain alcohols. This finding supports the enhanced adsorption of n-butanol
by ZIF-71 compared to acetone or 2-propanol prior to desorption.

To evaluate the stability of the ZIF-71/CuO:Al hybrid sensor, gas sensing measurements
were conducted 21 days and subsequently 42 days after the initial test. Figure 4.7(c) presents the
gas sensing response (S) at 10% RH after 21 days, showing an overall increase in response
compared to the original measurements. At 200°C, response values remained comparable to initial
results, whereas at 250°C, all test gases exhibited enhanced responses. The most notable increase
was observed for n-butanol, where the response rose significantly from ~43% to ~141% at 250°C.
This enhancement likely arises from repeated thermal cycling during initial measurements that
annealed the sensor material, thereby improving sensitivity. Figure 4.7(d) illustrates the sensor’s
response to various target analytes at 50% RH, measured 21 days post-initial testing. Between
200°C and 250°C, the hybrid sensor demonstrated increased selectivity toward 100 ppm hydrogen
gas. Comparing Figures 4.7(c) and 4.7(d) highlights the effect of humidity: increasing RH from
10% to 50% substantially degraded the sensor’s response to n-butanol across all operating
temperatures. A more pronounced decline in response for all analytes except hydrogen was also
evident at elevated RH levels. This behavior is attributed to incomplete ZIF-71 surface coverage
and competitive adsorption between hydroxyl ions and oxygen molecules.

Figure 4.8 demonstrates hydrogen sensing dynamics at 250°C under varying humidity,

showing maximum responses of approximately 164% at 10% RH and approximately 47% at 50%

RH.
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Fig. 4.8. Transient gas sensing response of the metal-organic frameworks ZIF-71/CuO:Al -
based MOF/MO hybrid sensor to hydrogen gas at 250°C, measured 21 days after the initial
measurements at different relative humidities: (a) RH=10%. (b) RH=50%.
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Figure 4.9 presents the transient sensing response to n-butanol at 250°C, with a peak
response of approximately 141% and response/recovery times of 19 s and 105 s, respectively. The
relatively slower kinetics for 2-propanol and n-butanol are ascribed to hindered gas diffusion

through the ZIF-71 layer to the CuO:Al sensing interface [190].
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Fig. 4.9. Transient gas sensing response of the ZIF-71/CuO:Al-based MOF/MO hybrid

sensor to n-butanol at 250°C, measured 21 days after the initial measurements.

Transient gas sensing responses of the ZIF-71/CuO:Al hybrid sensor were also recorded
21 days after the initial measurements for acetone, 2-propanol, hydrogen gas, and n-butanol.
As tabulated in Table 4.1, the developed hybrid sensors showed fast adsorption and

desorption kinetics for hydrogen gas, whereas VOCs exhibited slower kinetics.

Table 4.1 The extracted response and recovery times at 250 °C at RH 10%, 21-days

post-initial measurements.

Test analyte Operating temperature, Response time, s Recovery time, s
°C
Acetone 250 14 52
2-Propanol 250 18 73
Hydrogen 250 2 11
n-Butanol 250 19 105

Figure A2.5 demonstrates the transient response to acetone at 250°C and 10% RH, showing

a stable baseline resistance (approximately 4 kQ2) at a low bias voltage of 6 mV. Multiple exposure
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cycles (~30 s each) yielded reproducible responses (approximately 109%), demonstrating
remarkable repeatability and sensor reliability over this interval. Figure A2.6 presents the transient
response to 2-propanol at 250°C, with a peak response of approximately 138% and
response/recovery times of 18 s and 73 s, respectively.

By applying the Boltzmann distribution together with the Poisson equation, an analytical
expression describing the resistance dependence on surface band bending in p-type CuO:Al
sensing layers is derived. This emphasizes that charge transport is dominated by surface processes

involving adsorbed species, as presented in Equation (4.2) [191].

Vair
Ruir = e_q2kT (4.2)

where V- is the baseline surface potential or electric potential in air.

For p-type semiconductor, the ratio of the resistance of the CuO:Al surface when exposed
to the target analyte (Rg,,) to the resistance measured in the absence of the target analyte (R,;,.)
define the gas sensing response. The correlation between the sensor signal and resistance variation

in terms of band bending is described as follows:

_quas_ _anir 43
. Rgas—Rair e 2kT e  2kT —qAv (4.3)
Sensing response, S = o~ : ~ e zkT — 1
Rair _qver
e 2kT

In terms of band bending (gA V), this equation can be modified by using Equation 4.6. The
change in affinity and band bending also impact the sensing response, which can be easily
understood using Equations 4.4 and 4.5, respectively.

Ax = AQ — qAV (4.4)
where 4y represents change in electron affinity and 4® represents the change in the work
function of the CuO:Al sample by changing the gaseous environment.

The influence of relative humidity on sensor performance can be interpreted using Equation
(4.5). When the CuO:Al sensor is exposed to a target gas such as n-butanol in the presence of
humidity, the interaction results in complex effects. It is generally assumed that the band bending
at the sensor surface decreases, resulting in an increase in surface resistance due to a reduction in
ionosorbed oxygen species, which are replaced by hydroxyl groups [191]. Specifically, water
vapor interacts with adsorbed oxygen on the CuO surface, leading to the formation of dipoles
through a surface chemical process. This dipole formation alters the surface charge distribution
and modifies the electronic properties of the sensing layer, thereby affecting the overall gas sensing
response.

OGaas) + H2Owapy + 2CUsitey + h* = 2(Cufyipey — OH) + S (4.5)
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where O 45 represents an ionosorbed oxygen species, H>On.qp) represents the water vapor
in the atmosphere, Cugi represents an atomic Cu site on the CuO:Al surface, 4" represents the
consumed hole, (Cu ity — OH') represents the formed terminal hydroxyl groups (electric dipole)
on the surface, and S represents a surface site for oxygen chemisorption on the CuO:Al surface.

The contribution of electric dipoles to the work function enhances electron affinity by
increasing the energy barrier for electron emission from the sensor surface [191]. Consequently,
with rising relative humidity, the predominant electron-trapping species shifts from ionosorbed
oxygen to water vapor [192, 193], causing an increase in surface resistance and a corresponding
decrease in the gas sensing response. Figure 4.7(d) demonstrates a pronounced selectivity toward
hydrogen gas at an elevated 50% RH, measured 21 days post-initial testing.

After 42 days from the initial measurements, a subsequent gas sensing evaluation of the
ZIF-71/CuO:Al-based hybrid sensor was conducted at 10% RH, with the results shown in Figure
A2.7. At 200°C, the sensor’s response closely resembled previous measurements, while at 250°C,
the VOC responses remained stable compared to the results 21 days post-initial testing. A slight
reduction in the hydrogen gas response was noted at 250°C. Overall, consistent response trends
across measurements at 21 and 42 days indicate stable sensor performance over this period, likely
aided by thermal annealing during the initial testing [194].

Figure A2.8 compares gas sensing responses at 21 and 42 days after initial testing at 250°C
for hydrogen and VOCs under 10% RH. The observed increase in sensor response—roughly
twofold to threefold at 21 days—is attributed to the thermal aging and preheating effect on the
sensor [194].

A detailed comparison with similar studies on ZIF-coated semiconducting oxide sensors
of various morphologies is presented in Table A2.1. The present sensor exhibited superior
performance, including rapid response and recovery times (2 s and 11 s) for hydrogen, and an
approximately 110-fold sensitivity enhancement for n-butanol. Furthermore, it maintains
repeatable, temporally stable, and selective detection of hydrogen even under high RH conditions
(50% RH), demonstrating its practical robustness and efficiency in adverse environmental

conditions.

4.3. Assessment of gas sensing selectivity in ZIF-71/CuO:Al-based MOF/MO hybrids

The identification of the gas flow regime is important for understanding the transport
mechanism of gas molecules through the ZIF-71 layer at the CuO:Al interface. The mean free path
(1) of the gas molecules is defined in Equation 3.15.
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Since the concentration of the test gas is negligible compared to the background air, the
number density of the background air dominates. This makes the mean free path effectively
independent of the small mole fraction of the test gas. The mean free paths of n-butanol and
hydrogen gases were calculated at 200°C and 250°C, yielding values of 62.5 nm and 136 nm at
200°C, and 69 nm and 150 nm at 250°C, respectively (using Equation 3.15).

The transport regime of these target gases can be categorized into three types-Knudsen
diffusion, transitional diffusion, and molecular diffusion-based on the Knudsen number (K,),
which is determined using the Equation 3.16. Furthermore, using Equation 3.16, the 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 of K, at 200 °C
(n-butanol: 122 and hydrogen: 267) and 250 °C (n-butanol: 135 and hydrogen: 294) clearly
indicate that both gases fall within the Knudsen diffusion regime (K, > 10) at all the mentioned
temperatures.

SEM images of the ZIF-71/CuO:Al-based MOF/MO hybrids showed that ZIF-71 particles
almost completely cover the CuO:Al surface, forming a continuous layer. 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 competitive diffusion of tested molecules through the ZIF-71 pores was enabled
because the large pore aperture of ZIF-71 (~5.1 A) [187] closely matches the kinetic diameters of
VOCs such as 2-propanol (~4.7 A) [167], n-butanol (~5.0 A) [168], and acetone (~4.6 A) [195].
The molecular sizes of n-butanol, acetone, and 2-propanol are comparable to the pore size,
facilitating access via a molecular sieving effect. However, 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
[196]. Wang et al. [187] calculated adsorption energies indicating higher adsorption strength for
n-butanol over acetone on ZIF-71. Moreover, polarizability significantly affects the interaction
strength between the adsorbate and adsorbent. n-Butanol, with a higher polarizability (~8.57) [169]
than acetone (~6.27) [169] and 2-propanol (~6.67) [169], exhibits stronger van der Waals
interactions with the ZIF-71 structure, leading to increased adsorption facilitated by effective

surface interactions [168].
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As a result, n-butanol proceeds easily toward the interface, leading to greater sensitivity
compared to the other two tested analytes (acetone and 2-propanol). At lower temperatures
(~200°C), the sensor performs well due to strong van der Waals forces and hydrogen bonding
between the hydroxyl group of n-butanol and the chlorine functional groups (-Cl) in the MOF,
promoting high adsorption and an enhanced sensing response. The relatively low kinetic energy
of n-butanol at this temperature allows it to interact effectively with the ZIF-71 framework and to
reach the heterostructure interface easily. In contrast, hydrogen’s smaller size enables rapid
diffusion at higher temperatures, which increases its sensing response at higher temperature (250
°C). Figure A2.9(a) illustrates a schematic of ZIF-71’s relevant structural features and properties
for gas sensing. These characteristics synergistically improve the selective adsorption and
diffusion of target gases, thus enhancing gas selectivity and sensor performance. Figure A2.9(b)
depicts the crystal structure of ZIF-71 exhibiting an RHO topology, composed of Zn ions

tetrahedrally coordinated with 4,5-dichloroimidazolate linkers.

4.4. Proposed sensing mechanism of ZIF-71/CuO:Al-based MOF/MO hybrids

The ZIF-71 coating layer on top of the CuO:Al film significantly influences gas-sensing
performance toward VOCs such as acetone, n-butanol, and 2-propanol, as well as gases like
hydrogen. To elucidate the mechanism behind the enhanced selectivity for target analytes at
different operating temperatures— specifically n-butanol at a low temperature (200 °C) and
hydrogen at a higher temperature (250 °C)—the interaction model between the analytes and the
sensing surface is presented in Figure 4.10. For gas sensing on CuO, the model involves three key
processes: sorption, diffusion, and desorption. As reported by Wei et al., variations during the
adsorption and desorption of tested analytes are critical factors influencing the gas-sensing
response [197]. As discussed earlier, n-butanol shows a stronger affinity for the ZIF-71 framework
compared to acetone and 2-propanol, attributed to its longer carbon chain, higher polarizability,
and greater adsorption energy. The incorporation of ZIF-71 particle dispersion onto the CuO:Al
film enhances the interaction of n-butanol at their interface due to this strong molecular affinity.
Studies analyzing analyte affinity on ZIFs have reported superior n-butanol adsorption on ZIF-71
relative to acetone and other short-chain alcohols [187]. The higher dipole moment of acetone
compared to n-butanol results in a weaker interaction with the weakly polar ZIF-71 framework,
which also possesses a larger cavity size relative to the acetone molecule [170, 198]. Consequently,
n-butanol is expected to exhibit the highest affinity toward ZIF-71. Thus, the selective detection

of n-butanol at 200 °C (i.e., just below its desorption temperature) can be attributed to the
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synergistic effect arising from CuO:Al’s chemoresistive contribution with ZIF-71’s strong
adsorption affinity.

Metal oxide semiconductors like ZnO and TiO3, in their undoped form, typically display
n-type behavior due to inherent oxygen vacancies [199, 200]. Conversely, certain metal oxides
such as CuO show p-type semiconductor characteristics owing to inherent defects—specifically Cu
interstitial defects that generate acceptor states above the valence band. Generally, gas sensing in
metal oxide semiconductors originates from the adsorption of oxygen molecules from the
atmosphere, which activates these inherent defect states [201]. According to the ionosorption-
desorption model, the sensing mechanism for reducing gases—such as n-butanol, 2-propanol, and
hydrogen—can be explained. Upon exposure to atmospheric air, oxygen molecules adsorb on the
sensor surface and ionize into different oxygen species depending on the operating temperature,

as outlined in Equations (3.9) — (3.12) and (3.14) from Chapter 3.
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Fig. 4.10. Sensing mechanism of the CuO:Al illustrated energy band diagrams toward n-
butanol and other reducing gases; the adsorption of oxygen species from ambient air; and

in the presence of target analytes (n-butanol).

As shown in Figure 4.10, the adsorption of oxygen ions on the sensor surface via surface
traps creates a high potential barrier and a hole accumulation layer, causing an 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, as detailed in Equation 3.14. This
recombination led to decrease in the hole concentration in the accumulation layer, resulting in

downward band bending (qAV = A®) and an increase in the resistance of the accumulation layer

[9].

82



4.5. Conclusions of Chapter 4

The physicochemical properties of organic/inorganic hybrid structures were investigated
in detail using advanced characterization techniques. Detailed materials characterization was
performed for structural evaluation using XRD analysis, confirming the crystalline structure of the
CuO:Al film and ZIF-71 particles. Surface morphology and related insights were provided by
analyzing SEM images, revealing intergranular features of the CuO:Al film and triangular
crystallites formed as a result of thermal annealing [7].

Surface-sensitive measurements were carried out using XPS, confirming the effective
intactness of ZIF-71 on the CuO:Al film. XPS provided information regarding the elemental
composition—36.7 at% C, 23.8 at% Cl, 21.8 at% N, 15.7 at% Zn, and 2.1 at% O—indicating a C-
to-Cl ratio of 3:2 and an 1:1 N-to-Cl ratio, consistent with the linker stoichiometry and a lower
presence of Zn in ZIF-71 [7].

The ZIF-71/CuO:Al structures demonstrated a notable enhancement in sensitivity to n-
butanol (110 times) while maintaining sensitivity to hydrogen compared to bare CuO:Al structures
at different operating temperatures of 200°C and 250°C, respectively. The hybrid structures
exhibited good repeatability of sensing results, along with notable temporal and chemical stability
under ambient conditions [7].

The drop-casting of a ZIF-71 particles dispersion on the CuO:Al film provided ideal active
sites for n-butanol, outperforming smaller carbon chain alcohols and acetone. The strong affinity
for ZIF-71 adsorption sites just prior to the desorption temperature resulted in high selectivity
toward n-butanol. During initial measurements, the selectivity for n-butanol at 200°C was
approximately five times greater than that for acetone and about four times higher than that for
hydrogen [7].

A comparative study between the CuO:Al film with and without the ZIF-71 coating
indicates a significant enhancement in sensitivity to the target analytes at their respective
temperatures. Transient sensing results exhibited fast response and recovery times for hydrogen of
2 seconds and 11 seconds, respectively [7].

The interactions between target analytes and ZIF-71, emphasizing the diffusion of analyte
molecules onto the CuO:Al surface, are explained by the proposed gas sensing mechanism. These
findings underscore the pivotal role of ZIF-71 active sites in facilitating interactions with target
analytes, thus improving the gas-sensing performance of this chemoresistive hybrid sensor.
Further research is required to explore the effects of varying ZIF-71 concentrations under different

conditions [7].
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5. PHYSICOCHEMICAL PROPERTIES AND STRUCTURE-PROPERTY-
PERFROMANCE CORRELATIONS IN ZIF-n (n=67, 7,71, 8)/ZnO
HYBRIDS

5.1. Systematic Morphological and Structural characterization of ZIF-n (n =67, 7, 71,
8)/Metal Oxide (ZnO, ZnO:Cd) hybrids

In this section, a detailed investigation of the morphological and structural properties of
hybrid structures—including, ZIF-67/Zn0, ZIF-7/Zn0, ZIF-71/Zn0, and ZIF-8/Zn0O structures, as
well as Cd-doped ZnO-based hybrid structures—is elucidated. The surface morphology of the
hybrid structures was investigated using SEM. For all studied samples, SEM micrographs were
acquired at different magnifications to capture coarse and fine details. SEM images at lower
magnifications revealed compactly dense and uniformly distributed grains of ZnO and Cd-doped
ZnO (Figure A3.1(a) and (c)), respectively. This can be attributed to the thermal annealing effect.
More detailed information was revealed by higher-magnification images, illustrating columnar

morphologies for the ZnO (Figure A3. l(b)) and Cd-doped ZnO-based samples.
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Fig. 5.1. SEM micrographs of ZIF-67/Zn0O hybrid structures at: (a) lower magnification (1
pm) and (b) higher magnification (200 nm); and SEM micrographs of ZIF-7/Zn0O based

hybrid structures at: (c) lower magnification (1 pm) and (d) higher magnification (200 nm).

Additionally, for the Cd-doped ZnO samples, new columns growing out of the existing

columns were observed (Figure A3.1(d)). Following ZIFs deposition, SEM images were acquired
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for the ZIF/ZnO structures at lower and higher magnifications. SEM micrographs of ZIF-67/ZnO
and ZIF-7/Zn0 structures revealed dodecahedral morphologies with ZIF particle sizes of 200 nm
for both ZIFs, in their respective images, as shown in Figure 5.1(a)-(d).

Furthermore, SEM micrographs corresponding to ZIF-71/ZnO and ZIF-8/Zn0O structures
revealed particle sizes in the range of 500 to 700 nm and approximately 70 nm, respectively (Figure
5.2(a)-(d)). Moreover, the ZIF-71 and ZIF-8 particles also exhibited dodecahedral morphologies.
Additionally, EDX measurements were carried out on the Cd-doped ZnO sample to estimate the
elemental composition. The compositional analysis and elemental mapping confirm the presence

of Cd in the ZnO film, with a Cd composition of approximately 0.18 at%.
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Fig. 5.2. SEM micrographs of ZIF-71/Zn0O based hybrid structures at: (a) lower
magnification (1 pm) and (b) higher magnification (200 nm); and SEM micrographs of
ZIF-8/Zn0O based hybrid structures at: (¢) lower magnification (1 pm) and (d) higher

magnification (200 nm).

To study the structural properties of the prepared samples, XRD investigations were carried
out for two sample series: one comprising ZIF/ZnO based hybrid structures and the other
consisting of ZIF/Cd-doped ZnO based hybrid structures. A discussion of these two series,
involving ten samples in total, would require repeating similar names multiple times. To avoid this

repetition, a codification scheme is proposed as tabulated in Table 5.1.

85



The structural features of both series were examined using XRD. Structural investigations
of all the studied hybrid structures elucidated distinct diffraction peaks, indicating high
crystallinity (Figure 5.3(a) and (b)).

Table 5.1. Codification scheme for all the ten samples ZIF/ZnO and ZIF/Cd-doped ZnO-

based MOF/MO hybrids.

Sample name Sample codification
ZnO 0A
ZIF-67/Zn0O 1A
ZIF-7/ZnO 2A
ZIF-71/ZnO 3A
ZIF-8/ZnO 4A
Cd-doped-ZnO MO
ZIF-67/Cd-doped ZnO Ml
ZIF-7/Cd-doped ZnO M2
ZIF-71/Cd-doped ZnO M3
ZIF-8/Cd-doped ZnO M4

The XRD pattern corresponding to ZnO matches well with the hexagonal wurtzite structure
(PDF 2300112). In ZnO, the dominant reflection was observed at 34.43°, which corresponds 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 [202], ZIF-7 [203], ZIF-71
[171], and ZIF-8 [204] has been marked, as shown in both Figure 5.3(a) and (b). The patterns
reveal that the dominant reflection from all ZIFs corresponds to the [1 1 0] family of planes.
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Fig. 5.3. XRD patterns of two series of samples: (a) 0A, 1A, 2A, 3A, and 4A and (b) M0 to
M4, (¢) comparison of 0A and M0 sample to show the crystallographic peak shift due to Cd
doping.

By comparing the XRD reflections of the 0A and MO samples, a clear shift of
approximately 0.12° can be observed for the (1 0 1) plane (Figure 5.3(¢c)). Au IDEs were used for
making electrical contacts on the samples, and the observed Au reflections matched those of Au

(PDF 1100138). Similarly, after Cd doping, a shift in the Au reflection to lower 20 values was
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observed for the (1 1 1) Au reflection (Figure 5.3(c)). Cd incorporation leads to shift in lower 26
values was also reported in previous studies [205-207]. This can be attributed to the presence of
larger ionic radius of Cd*" (~0.92 A) substituting Zn" ions (~0.74 A) at crystallographic positions
[205]. As discussed previously in the same section, the presence of Cd in the ZnO film has already
been confirmed using EDX analysis, which is further supported by the corresponding XRD shifts
in the XRD patterns.

From the XRD data presented in Figure 5.3, the crystallite size (D) of each ZIF was
calculated for the most prominent reflection, using the Scherrer equation (Equation 3.1). For all
four studied ZIF particles, the shape factor was taken as approximately 0.94, which is standard for
cubic-like crystallite geometries. The most dominant reflection in each XRD pattern was selected
for peak fitting to determine the FWHM. Peak profiles were fitted using a Voigt function and
optimized with the Orthogonal Distance Regression (Pro) iteration algorithm. The FWHM (f in
radians) was then calculated using the two-step empirical approximation formula for the Voigt
profile (Equation 3.2).

The FWHM of the most prominent reflection for all ZIF particles was calculated using
Equation 3.2. For ZIF-67, the most prominent reflection corresponds to the (0 1 1) plane was
observed at 8 = 0.063873 radians, where the values of w; and wg were found to be 0.001948 and
0.002211 radians. This resulted in a calculated value of f = 0.003431 radians. Similarly, the
corresponding values of w, and wg, and the resulting  were calculated for all other ZIFs. Using
Equation 3.1, the crystallite size (D) can be calculated for all four studied ZIFs, as summarized in

Table 5.2.

Table 5.2. Calculated value of all the parameters required for calculating the crystallite size

(D).

Name of Reflection wL WG p 0 D (nm)
the ZIF with  the (radians) (radians) (radians) (radians)

highest

intensity
ZIF-7 (110) 0.002635 0.002293  0.004069  0.068067 ~35.67
ZIF-67 011D 0.001948 0.002211 0.003431 0.063873 ~42.30
ZIF-71 (110) 0.001402 0.001447 0.002339 0.038034 ~61.97
ZIF-8 011 0.002248 0.002450 0.003870 0.064232 ~37.50

It was observed that the calculated crystallite sizes for the ZIFs, using the Scherrer

equation, were smaller than the particle sizes estimated by scaling the SEM images. This

87



discrepancy in values can be attributed to coherent scattering, resulted in the broadening of the

FWHM and the exclusion of surface-related domains [127].

5.2. Thermally induced phase dynamics of ZIF structures: An in-situ XRD investigation
Dispersion of all four studied ZIFs was drop-cast onto Si substrates to understand the
structural changes due to the thermal effects. In situ temperature-dependent XRD measurements
were carried out within a temperature range of 30 °C to >500 °C for all studied ZIF-based samples
(Figure 5.4 (a)-(f)).
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Fig. 5.4. 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.

XRD investigation at room temperature for all four ZIFs was demonstrated in the previous
section. Observing structural changes in ZIFs by changing the operating temperature is a key
aspect of this study. For ZIF-67, as the temperature increased from 30 °C to 500 °C, significant

transformations in the structural framework were observed. Miller indices (h k 1) were assigned to

88



the corresponding XRD reflections according to the literature [202]. Within the temperature range
of 30 °C to 250 °C, the spectral intensity of the XRD reflections diminished, indicating a loss in
crystallinity in the ZIF-67 framework (Figure 5.4(a)), which can be attributed to thermal stress. At
higher temperatures (500 °C), the complete transformation of the ZIF-67 framework into Co304
was observed. At 250 °C, a coexistence of both ZIF-67 and transformed Co3O4 reflections was
noted. Increasing the temperature from 30 °C to 225 °C caused a slight rightward shift in the XRD
reflections (within 0.04° to 0.12°), suggesting framework shrinkage. However, a rightward shift
due to thermal stress is not standard behaviour [45]. This peculiar observation is known as negative
thermal expansion, which may be attributed to the soft or low-frequency transverse vibrational
modes of the organic framework [208]. These modes can cause the organic framework to hinge,
resulting in a slight contraction rather than expansion upon heating. At higher temperatures (>275
°C), ZIF-67 transformation into Co304 is evident (Figure A3.2(a)).

XRD investigations of ZIF-7 demonstrated a phase change as the temperature increased
from 50 °C to 100 °C. At lower temperatures (30 °C and 50 °C), the diffraction refletions
correspond to phase-I, and can be assigned to the (-111),(110),(021),(012),(03 0),(220),
(003),(113),(312),(042),and (10 4) planes, at 7.23°, 7.77°, 10.58°, 12.24°, 13.4°, 15.55",
16.57°, 18.9°, 19.92°, 21.33", and 23.37°, respectively, as confirmed by reported results [203]. At
100 °C, significant changes occurred: an emerging reflection at 20 = 6.77° appeared, accompanied
by a slight shift in other lower angle peaks (Figure 5.4(b)). These changes represent the
transformation of initial phase (phase-I) into phase-II, which may be attributed to the release of
synthesis solvent or dispersion solvent molecules (DMF or methanol), followed by a
rearrangement of the ZIF-7 framework. A further temperature increases to 325 °C resulted in a
loss of diffraction intensity for the main reflection at 20 = 8.36°, as shown in Figure 5.4(c). This
reveals slow decomposition and a loss of long-range order, attributed to thermal stress. By going
from phase-I to phase-II resulted in a loss of symmetry. At 375 °C, ZIF-7 and ZnO phases
coexisted, with complete dissociation of the ZIF-7 framework occurring at 400 °C (Figure
A3.2(b)).

As the temperature from 30 °C to 350 °C, a slight shift in diffraction reflexes was observed
from 9.47° to 9.04°. This can be attributed to the thermal expansion of the framework. At higher
temperatures (500 °C), the ZnO phase was clearly observed; it retained its phase even after cooling
back to room temperature (30 °C), as shown in Figure A3.2(b). This phenomenon has been
reported in previous studies [209]. Moreover, the rightward shift was also observed (Figure

5.4(b)), which can be attributed to thermal stress. The effect of temperature on structural changes
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has also been noted using TGA analysis [107]. Moreover, phase changes in the ZIF-7 framework
have been reported at higher temperatures in previous results [203, 210].

The effect of increasing temperature was also clearly observed in the diffraction intensity
of ZIF-71 (Figure 5.4(d)). Increasing the temperature from 30 °C to 325 °C led to a gradual loss in
crystallinity and the sluggish decomposition of the ZIF-71 framework, which is attributed to
thermal stress. Furthermore, increasing the temperature to 350 °C resulted in the emergence of
ZnO reflections and almost entirely diminished intensity of ZIF-71 reflections. The effect of
temperature was also observed on the FWHM of the XRD reflections; by increasing the
temperature from 30 °C to 325 °C, significant amorphization and broadening of XRD reflection
were observed. With the emergence of ZnO reflections, crystallinity improves at higher
temperatures (Figure A3.2(c)). Additionally, a slight shift in XRD reflections was observed from
4.36° to 4.40° as the temperature increased from 30 °C to 325 °C. This peculiar behaviour can be
attributed to the negative thermal expansion caused by soft lattice vibrations within the organic
framework [208]. By increasing the temperature from 375 °C to 500 °C, the positive thermal
expansion was observed in the XRD reflections of the transformed ZnO.

Similarly, the effect of an increased temperature was observed on the structural features of
the ZIF-8 framework. From 30 °C to 300 °C, a gradual loss in diffraction intensity was observed;
the sluggish decomposition in the ZIF-8 framework can be attributed to thermal stress. With a
further increase in temperature to 325 °C, an incremental loss of long-range order for Miller indices
above 13° (20) was noticed, and a coexistence of ZIF-8 and ZnO reflections was observed.
Additionally, the effect of increasing temperature from 30 °C to 325 °C was noted on the FWHM
of the XRD peaks. However, the complete transformation of ZIF-8 into ZnO was observed at 350
°C. A further increase in temperature from 325 °C to 500 °C elucidated an improvement in
crystallinity and a decrease in peak broadening. Moreover, an increase in temperature from 30 °C
to 325 °C showed a slight shift (~0.12°) in diffraction peaks at higher 20 (Figure 5.4(e)). This
caused a shrinkage in the ZIF-8 framework due to the release of guest molecules. By further
increasing the temperature from 400 °C to 800 °C, a shift in the XRD peak was observed by 0.2°
at higher 20 angles (Figure 5.4(f)). Detailed analysis revealed that a significant deterioration in
XRD intensity occurred for the most dominant plane (0 1 1) by increasing the temperature from
30 °C to 300 °C. This elucidates the weakening of the Zn-N bond, leaving behind the 2-
methylimidazolate linker at 350 °C, which is corroborated by previously reported literature [45].
Similarly, the effect of temperature on Raman shifts and the effect of pressure on in-situ XRD

reflections were reported previously [44, 211-213]. However, in our study, we observed a
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complete transformation of the ZIF-8 framework into ZnO at 350 °C, which is significantly higher
than in previously reported studies [214].

Table 5.3 summarizes the thermal decomposition processes for all four ZIFs, outlining the
sequence of events, including the transition from the pristine ZIF phase to the corresponding metal

oxides at four distinct temperatures (T1-T4).

Table 5.3. Sequence of events during the in-situ temperature dependent XRD

measurements.
S. No. Material Tempe Temperat Temperature Temperature Comments
rature ure 2, T2 3, T3 (°0) 4, T4 (°C)
1, T1 (°0)
°O)

1. ZIF-8 300 - 325 350 Single phase of ZIF-8 exists
and rightward peak shift was
observed at higher
temperatures, implying
shrinking frame.

2. ZIF-7 50 100 375 400 Two phases of ZIF-7 exists
and by increasing the
temperature, the leftward
shift at smaller angle shows
thermal expansion of porous
structure. On contrary, at
higher angles the rightward
shift shows thermal stress.

3. ZIF-71 325 - 350 375 Single phase of ZIF exists.

Significant ~ amorphization
and peak broadening was
observed by increasing a
temperature, from 30-325 °C.
4. ZIF-67 225 - 250 275 Single phase of ZIF-67 exists.
Slight shift in ZIF-67 peaks in
rightward direction within the
range of 0.04-0.12°, while
going from the temperature of
30-225 °C. This small
rightward shift, implying a
shrinking frame of ZIF-67.
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1. T1 is the temperature up to which, good intensity of ZIF reflections exists for phase-I.

2. T2 is the temperature at which another phase of ZIF emerged.

3. T3 is the temperature, where both ZIF and metal oxide phase co-exist, i.e., the transition
temperature.

4. T4 is the temperature at which complete degradation of ZIF framework and the emergence
of metal oxide phase is clearly visible.

Overall, a detailed temperature-dependent in situ analysis of four different varieties of ZIF
particles provides comprehensive insights into phase transitions, thermal degradation, and the
transformation of ZIFs into their corresponding metal oxides, which are corroborated by TGA
results. A detailed comparison of two similar frameworks (ZIF-8 and ZIF-67) revealed thorough
information about their bonding environment. Both ZIF-8 and ZIF-67 use the same organic linker,
but the difference lies in the central atom: ZIF-67 contains Co, while the ZIF-8 contains Zn. It has
been observed that the thermal decomposition occurs in ZIF-67 and ZIF-8 at 250 °C and 325 °C,
respectively. Moreover, it has been reported that the metal-ligand bond in ZIF-8 is more easily
broken compared to ZIF-67 under constant heating, due to the higher bond energy of Co-N (2.834
eV) compared to Zn-N (2.075 eV), which can be attributed to the higher electronegativity of Co
compared to Zn [215].

On the contrary, 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 the coordination chemistry of Co and Zn with N provides significant insights. It is well
known that the outermost shell configuration of Zn (3dio4s2) is completely filled, whereas it is
incomplete for Co (3d74s2). This demonstrates that Zn forms a saturated coordination with N,
whereas Co forms an unsaturated coordination with N, making it more prone to oxygenation. This
results in the faster thermal decomposition of the ZIF-67 at 250 °C. This is also supported by the
TGA results. 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 the stable operation of ZIF-67, ZIF-7, ZIF-71, and ZIF-8 up to 250
°C, 375 °C, 350 °C, and 350 °C, respectively.

5.3. Spectroscopic elucidation of Vibrational modes in ZIF/ZnO and ZIF/ZnO:Cd-based
MOF/MO hybrids
The Raman spectra of the 0A sample (ZnO) were measured in a limited spectral range (0

to 900 cm™'), as shown in Figure A3.3(a). ZnO possesses a hexagonal wurtzite structure with no
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center of symmetry [216]. Two polar components of A; mode—the transverse optical and
longitudinal optical components, i.e., 4;(TO) and 4 ;(LO)—-were observed at 381.56 cm™ and 582.9
cm!, respectively [217]. This mode represents the stretching of Zn-O along the c-axis.
Specifically, 4;(TO) and 4;(LO) are associated with lattice vibration symmetry and the electron-
phonon interactions, respectively. Additionally, three more vibrational modes (non-polar) were

high

observed for the 0A sample, which were EX" (98.28 cm™), E;, 9" (438.62 cm™), and the difference

high

mode E,"9" — EX¥" (331.81 cm™). All these components vibrate perpendicular to the c-axis. EX’¥

mode is associated with the low-frequency vibrations of heavier Zn sublattice, whereas the E, high

mode is associated with the high-frequency vibrations of the lighter O sublattice.

Moreover, the Raman spectra of the sample M0 (Cd-doped ZnO) were also measured in
the same spectral range of 0 to 900 cm™ (Figure A3.3(b)). By comparing the characteristic modes
of samples 0A and MO, it was concluded that there was a rightward shift in vibrational modes
towards higher wavenumbers for the Cd-doped ZnO sample compared to the bare ZnO sample.
This can be attributed to the incorporation of the Cd atoms into the ZnO lattice, which causes
enhanced lattice stress due to the larger dopant atom, as supported by the previously published
literature [207]. The Raman spectra of ZnO-based samples (1A, 2A, 3A, and 4A) with four
different ZIF coatings such as ZIF-67, ZIF-7, ZIF-71, and ZIF-8, respectively were investigated

in detail.
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Fig. 5.5. Raman spectra of the ZIF/ZnO samples: (a) 1A, (b) 2A, (c¢) 3A, and (d) 4A.
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In 1A sample, the vibrational modes corresponding to both the ZnO and ZIF-67
frameworks were observed. The vibrational modes corresponding to ZnO, such as E gig " g low(339
em™), 4,(TO) (379 em™), TA+TO (611 cm™), and 2A1(LO) (1140 cm™"), were observed (Figure
5.5(a)). These represent the second-order acoustic mode, polar transverse optical, simultaneous
interaction of transverse acoustic and transverse optical modes, and the optical overtone mode of
the ZnO lattice, respectively [218, 219]. These modes provide insights into the lattice dynamics of
the ZnO.

Similarly, the vibrational modes corresponding to ZIF-67 framework were also observed
at 120 cm’!, 171 em™, 256 cm™, 281 cm’™!, 419 ecm™, 679 cm’!, 1110 cm™', and 1452 cm'1. 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 [133]. Diving deeper into the realm provides more
insights about the observed vibrational modes. The lattice vibration mode, which is highly
significant and provides insights into structural transitions, breathing modes, and related
instabilities of the lattice, was observed at 120 cm™', corroborated with earlier studies [133]. Linker
vibrations (2-methylimidazolate) corresponding to ZIF-67 were observed at 256 cm™ and 679 cm’
! in line with prior studies [220]. The vibrational modes corresponding to metal-ligand (N-Co-N)
coordination in the ZIF-67 framework were observed at 171 cm™, 281 cm™, and 419 cm’!, which
is supported by the literature [220]. These vibrational modes are significant, as small shifts in these
modes suggests changes in the coordination environment. Moreover, other vibrational modes
corresponding to the stretching modes (v) of the Cs-N bond and methyl bending vibrations in the
imidazolate ring were observed at 1110 cm™ and 1452 cm, respectively, which is also
corroborated with earlier research [133]. These modes may affect the adsorption capacity of the
framework for guest molecules.

For sample 2A, the characteristic vibrational modes corresponding to ZnO were observed

at 99 cm!, 429 cm’!, 576 cm™, 1115 ecm™!, and 1156 cm™ (Figure 5.5(b)). These modes are
associated with the EX%, Elzligh, Ai(LO), 2LO, and 24;(LO), respectively [218]. Moreover,

vibrational modes corresponding to the ZIF-7 framework were observed at 83.9 cm™!, 121.6 cm™,
547.3 cm™, 644.3 cm™, and 1345 cm! (Figure 5.5(b)). These are associated with the lattice
framework (83.9 cm™ and 121.6 cm™), and bond stretching in the linker rings (547.3 cm™ and
1345 cm™) for the benzimidazolate (Bz) and imidazolate (Im) rings, respectively [210, 221].
Phonons associated with the lattice frameworks are sensitive to structural changes and phase

changes. Another phonon mode associated with ZIF-7 was observed at 644.3 cm™, which
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corresponds to the torsion mode, involving twisting and rotational movements of ligands bonded
with the metal center [210].

Characteristic phonon modes for sample 3A include ZnO and ZIF-71 based modes (Figure
5.5(c)). Vibration modes corresponding to ZnO were observed at 96 cm™!, 439 cm™!, 560 cm™, and
662 cm™, which are assigned to EXY, E gig h 4 1(LO), and TA+LO, respectively, corroborated with
the prior research [222]. Moreover, the phonon modes corresponding to ZIF-71 framework were
observed at 84 cm™, 169.7 cm™, 183.9 cm’!, 266.6 cm™, 422.3 cm™, 660.9 cm™, 1011.3 cm™,
1054.9 cm™, 1209.4 cm™, 1236 cm™', 1288 cm™, and 1328 cm!. These modes are associated with
the ZIF-71 lattice framework (84 cm™, 169.7 cm™!, and 183.9 cm™) [173], tetrahedra configuration
of ZnN4 (266.6 cm™) [173], Zn-N bond stretching (422.3 cm™) [173], in-plane dichloroimidazolate
ring deformation (660.9 cm™, 1011.3 cm’!, and 1054.9 cm™) [175], and C-H and C=N bending
and stretching vibrations (1209.4 cm™!, 1236 cm™!, 1288 cm™, and 1328 cm™) [173, 177, 223],
respectively.

Phonon modes corresponding for sample 4A include ZnO- and ZIF-8-based modes (Figure

5.5(d)). For ZnO, the phonon modes were observed at 102 cm™ and 442 cm’!, which can be

assigned to non-polar E lz"w and E gig h modes, respectively [222]. Moreover, phonon modes
corresponding to the ZIF-8 lattice framework were observed at 82 cm™, 135 cm™!, and 179 ecm™,
corroborating prior results [ 133]. These observed modes can be attributed to the structural changes
and phase transitions in the lattice [133]. Other phonon modes at 285 cm™!, 1025 cm™!, 1146 cm!,
and 1512 cm™ can be assigned to the stretching of Zn-N, Cs-N, Cs-N, and C4=Cs in the imidazolate
ring, respectively [130]. Rest of the observed phonon modes correspond to in-plane or out-of-plane
bending vibrations. For instance, one of the most intense phonon modes observed at 685 cm™ is
assigned to out-of-plane bending vibrations of the imidazolate ring, while in-plane bending modes
were observed at 754 cm™!, 839 cm™, 957 cm’!, and 1463 cm™!, which can be assigned to C=N, C-
H, C-H, and C-H vibrational modes in the imidazolate ring, respectively [132]. Moreover, another
phonon mode at 1388 cm™ is assigned to methyl bending vibrations [132].

In a similar way, considering an evaluation of another batch of samples (M1 to M4 sample
series), where the only difference was Cd incorporation into the ZnO lattice, demonstrated similar
phonon modes to the undoped sample series (1A to 4A), as shown in Figure A3.4. Following the
analysis of obtained results from both sample series, it can be concluded that a slight shift in
phonon modes occurred after Cd incorporation into the ZnO lattice. Specifically considering an
example of comparative study of sample M1 and 1A (Figure A3.5(a)), which demonstrated Raman

shift spectral range of both samples within a range 0-1600 cm™'. For a better understanding of the
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Cd incorporation effect in ZnO, zoomed-in view of the spectrum in a range 1070 cm™! to 1230 cm’
! was considered for comparing the Raman shift of vibrational mode 24;(LO) (Figure A3.5(b)). A
clear shift in the corresponding phonon mode was observed from 1139.87 cm™ to 1141.55 cm™ (a
shift of 1.68 cm™! at higher wavenumbers) for sample M 1. The observation corroborates published
results [207], which attribute this shift to the large ionic radius of the Cd ion compared to the Zn

ion, leading to increased lattice stress and providing insights into electron-phonon interactions.

5.4. X-ray photoelectron spectroscopic analysis of surface chemistry in ZIF/ZnQO:Cd-based
MOF/MO hybrids

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 a set of
samples (marked as M1-M4). As inferred from the survey scan spectra of the measured samples
(Figure 5.6), the photoelectron lines and Auger electron peaks were labelled from the core-levels

and LMM levels, respectively.
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Fig. 5.6. XPS survey spectra of ZIF-coated Cd-doped ZnO samples: M1 (ZIF-67), M2
(ZIF-7), M3 (ZIF-71), and M4 (ZIF-8).
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All the sample spectra contain core-levels lines such as C 1s, N 1s, O 1s, and Zn 2p, which
confirm the presence of C, N, O, and Zn in each measured sample. Moreover, the presence of Co
2p core-level was observed in sample M1, which corresponds to the central metal of ZIF-67 [224].
In sample M3, the presence of Cl was confirmed by two distinct photoelectron lines from Cl 2s
and CI 2p, which were associated with the presence of the 4,5-dichloroimidazolate linker in the
ZIF-71 framework [73]. Overall, the elemental composition of all the measured samples is
summarized in Table A3.1. The presence of the Zn 2p core-level in samples M2—M4 was expected

due to the presence of the Zn as the central metal in the framework [108, 225, 226]. However, the
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presence of Zn 2p core-levels (low intensity) was also observed in sample M1, which is not present
in ZIF-67 but originates from the ZnO. This indicates that the ZIF-67 does not cover the whole
ZnO surface, which can be attributed to the inhomogeneous thickness and the presence of potential
voids due to drop-casting approach. Moreover, the influence of substrate was also observed in
sample M3 via a distinct side peak in the Zn 2p signal, which can be associated with the ZnO
surface at a different surface charge. The effect of doping (the presence of Cd) was not observed
in the survey spectra of any sample due to the low doping concentration in the ZnO.
Furthermore, for a detailed investigation of the surface chemistry of the ZIF coatings, a
high-resolution XPS scans were carried out on each sample. The corresponding core-levels of Zn
2p, N 1s, C 1s, and CI 2p spectra of related samples were fitted (Figure 5.7). Comparing the
photoemission peaks of N 1s, O 1s, and C 1s for each sample (and CI 2p from the sample M3)
with the previously reported binding energies reported in Chapter 4 [7], it showed a shift towards
higher binding energies, even after applying the charge correction as described in detail in Chapter
2 [6, 7]. Figure A3.6 demonstrates a comparison of the high-resolution XPS spectra of the sample
M3 with the corresponding charge corrected high-resolution scans of the CuO-based sample
discussed in Chapter 4 [7]. Comparing the explicit core-levels of C 1s and O 1s photoemission
peaks of the studied sample with the similarly reported high-resolution scans in Chapter 4, a clear
shift in binding energies was observed toward higher binding energies with a shift of AE, =
+ 1.9 eV for the C 1s peak to AE, =~ + 1.1 eV for the O Is peak. This can be attributed to
differential surface charging (i.e., inhomogeneous surface charging of the sample); further analysis
of its origin and effects is still under investigation. Regardless of these shifts, we assume that the
spectra for the measured samples can still be subjected to consistent analysis because peak shapes
allow for a direct comparison. Therefore, the following analysis focuses on the relative positions
of the fitted components within a peak rather than absolute binding energy positions. In spite of
this, the absolute positions of binding energies of all fitted functions are presented in Table A3.2.
A high-resolution spectrum of the sample M1 demonstrated the individual components of
the core-levels of ZIF-67 (Figure 5.7M1a-M1c). The Co 2p core-level spectrum corresponding to
the central metal exhibited characteristic spin-orbit splitting into Co 2p12 and Co 2p32 components
at binding energies, Co 1’ and Co 1, respectively (Figure 5.7M1a). In addition to these main
photoemission peaks, two additional peaks were observed, which are attributed to satellite peaks
associated with shape-up processes [227]. Moreover, the N 1s core-level spectrum was fitted with
a single component N 1 (Figure 5.7M1b). This indicates that the nitrogen in sample M1 exists
predominantly in a single bonding environment. It is, therefore, highly likely that this dominant

component corresponds to nitrogen atoms originating from the imidazolate linkers of ZIF-67,
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which coordinate to cobalt through the nitrogen sites. The C 1s core-level spectrum was also fitted
with a single component that was associated with the C-N/C=N bonds of the imidazolate linker.
Consequently, the high-resolution C 1s, N 1s, and Co 2p spectra indicate the presence of an intact
layer of ZIF-67 on the Cd-doped ZnO surface.

In a similar way, the high-resolution spectra of the sample M2 demonstrated the individual
components of the core-levels of ZIF-7 overlayer (Figure 5.7M2a-M2c). In the ZIF-7 framework,
the central metal is Zinc, and the corresponding core-level is Zinc is Zn 2p. The spectrum exhibited
a characteristic spin-orbit splitting into a Zn 2p3,2 lower binding energy component (Zn 1) and a
Zn 2p1,2 higher binding energy component (Zn 1°), as shown in Figure 5.7M2a. Since the surface
oxidation state of Zn>" ions is the same in both ZIF-7 and ZnO (i.e. +2 oxidation state), it is difficult
to distinguish whether the Zn 2p peak arises from ZIF-7 or ZnO [228]. However, as observed in
the survey scan of sample M3 (Figure 5.6) and high-resolution spectra in Figure 5.7M3a, the
photoelectron line of the Zn 2p core-level of ZnO is located at shifted position compared to the Zn
2p core-level of ZIF-71, which can be attributed to the differential charging. In the case of sample
M2, only a single photoelectron line was observed for the Zn 2p core-level; unlike sample M3, the
influence of ZnO surface is most likely negligible. To further confirm the presence of ZIF-7, the
N 1s and C 1s spectra were analyzed. N 1s spectra in sample M2 exhibited single component (N
1), which is most likely a characteristic of the C-N/C=N bonds of the imidazolate linker (Figure
5.7M2b). Furthermore, the C s core-level was deconvoluted into two components, C 1 and C 2:
a low binding energy component at higher intensity and relatively a high binding energy
component at lower intensity, respectively. These components are attributed to the C-C/C=C
bonds and the C-N/C=N bonds in the benzimidazole linkers present in ZIF-7. An observed bond
(C/C=C) corresponding to an additional aromatic ring in benzimidazole linker [225], exhibited
higher intensity compared to the C-N/C=N bonds, in accordance with the expectations. Thus, the
C Is and N 1s spectra validated the presence of intact ZIF-7 layer on the sample M2 surface.

The high-resolution photoelectron spectrum of the sample M3 demonstrated the individual
components of the core-levels (Figure 5.7M3a-M3d). As discussed above, sample M3 exhibited
an additional photoelectron line between the binding energies of spin-orbit splitted components
Zn 2p12 (Zn 1’) and Zn 2p32 (Zn 1) for the Zn 2p core-level corresponding to the ZIF-71 (Figure
5.7M3a). An additional photoelectron line corresponds to the Zn 2p1,; signal from the ZnO surface.
This shift in binding energy of the Zn 2p of ZnO components is likely due to the differential
charging effect caused by pin-holes or non-uniform thickness in the ZIF-71 layer. To further
evaluate the ZIF-71 layer on ZnO, other core-levels were investigated in high-resolution spectra.

In a similar way to the ZIF-71/CuO:Al as discussed in Chapter 4, the N 1s spectrum exhibited
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three components corresponding to three different bonding environments, such as C-N (N 1), H-
N (N 2), and Zn-N (N 3) [7, 183], as shown in Figure 5.7M3b. The highest intensity was observed
for N 3 component, followed by low intensities of other two components. The highly intense
component (N 3) degrades under X-rays, as corroborated by previously reported research [7, 181,
183]. The other two low-intensity components likely originate from fragmented imidazolate
linkers due to X-ray degradation [183]. To further examine the possible degradation of ZIF-71,
other core-levels, such as Cl 2p and the C 1s spectrum were evaluated. The C Is spectrum was

deconvoluted into three components, including C 1, C2, and C 3 (Figure 5.7M3c).
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Fig. 5.7. XPS high-resolution spectra of the ZIF-coated Cd-doped ZnO samples:
Mla - Mlc: ZIF-67, M2a — M2c: ZIF-7, M3a — M3d: ZIF-71, and M4a — M4c: ZIF-8.

Due to differential charging, a shifted C 1 component can be attributed to the carbon species
on the ZnO surface, while the C 2 component can be associated with the carbon which is not
bonded to the electron withdrawing species, which is most likely arises due to the ZIF-71
degradation. Highly intense component C 2 can be associated with the intact ZIF-71 in non-
degraded ZIF-71. Moreover, the interpretation of the Cl 2p core-level spectrum further supports
this degradation. As shown in Figure 5.7M3d, two spin-orbit doublets were observed, (Cl 2°, CI
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2) and (C1 1’, C1 1). The observed doublets arose from spin-orbit splitting into CI 2p3,> at higher
binding energies and Cl 2p1,2 at lower binding energies, corroborated with the deconvolutions of
the CI 2p core-level spectrum reported previously on ZIF-71 degradation [7, 181, 183]. The higher
binding energy doublet (Cl 2°, CI 2) was attributed to C-CI bonds characteristic of the intact ZIF-
71, whereas the lower binding energy doublet (Cl 1°, CI 1) was assigned to Zn-Cl bonds formed
upon framework degradation [7, 181, 183]. These bonding configurations originate from linker
fragmentation initiated by CI radicals from the ZIF-71 linker, as reported previously [183]. It can
be summarized that a detailed investigation of high-resolution spectra of the sample M3 strongly
elucidated a significant degradation of ZIF-71 and highlighted the influence of the ZnO.

Similarly, the core-level high-resolution XPS spectra of sample M4 demonstrated the
individual components of ZIF-8 (Figure 5.7M4a-M4c). Since zinc is the central metal of ZIF-8,
the Zn 2p spectrum was split into spin-orbit components, including Zn 2p12 (Zn 1’) and Zn 2p3p2
(Zn 1), as shown in Figure 5.7M4a. As observed in the case of sample M2, the influence of ZnO
was negligible, as no additional zinc peaks were observed. The C1 s spectrum was deconvoluted
into a single component (C 1), which was assigned to the C-N/C=N bonds present in the
imidazolate linkers of ZIF-8 (Figure 5.7M4b). Furthermore, the N 1s spectrum exhibited a
dominant N 2 component at higher binding energies and a comparatively low-intensity N 1
component at lower binding energy (Figure 5.7M4c). The N 1 component was most likely
associated with uncoordinated 2-methylimidazole linkers, whereas the N 2 component was
attributed to nitrogen atoms coordinated to Zn*" in the ZIF-8 structure [6, 139].

Moreover, in addition to the high-resolution spectra presented in Figure 5.7M4a-M4c, the
O 1s core-level spectrum was observed for all four measured samples (M1 to M4), as shown in
Figure A3.7. The spectra indicated the presence of a small amount of oxygen in all samples, which
was attributed to minor surface oxidation and the adsorption of oxygen-containing carbon species
resulting from exposure to air during fabrication and storage. Owing to the low oxygen
concentration (i.e., less than 4.0 at%, as summarized in Table A1.1), the influence of oxygen on

the sensing properties of the measured samples was considered negligible.

5.5. Thermal stability and Electrophysical properties of ZIF/ZnO and ZIF/ZnO:Cd-based
MOF/MO hybrids

Thermal stability profile was evaluated for all four ZIFs using TGA test. Figure 5.8
illustrates weight decomposition and temperature ramp-up profiles of the measured samples. This
demonstrated the thermal stability of ZIF-67, ZIF-7, ZIF-71, and ZIF-8 particles up to
temperatures of 330 °C, 480 °C, 410 °C, and 370 °C, respectively, at which point weight reduction
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increased up to 360 °C, 540 °C, 580 °C, and 610 °C. 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: Co3O4 for ZIF-67 and ZnO for ZIF-7 and ZIF-8.
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Fig. 5.8. Thermal stability test of different ZIFs: ZIF-n (n=-67, 7, 71, and 8) using TGA

analysis.

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%. Regardless, the observed weight
reduction was still in accordance with the previously reported results [229, 230]. The observed
difference between the theoretical and experimental values of weight reduction was attributed to
the presence of extra 4,5-dichloroimidazolate linkers bonded to zinc in the ZIF-71 framework
[231]. The thermal stability limits of ZIF-n (n=67, 7, 71, and 8) were evaluated by correlating TGA
data with temperature dependent in-situ XRD patterns. The observed deviations in the upper
stability thresholds between the two techniques are likely due to the higher ramping rates in TGA,
which contrasts with the prolonged thermal exposure times required for in-situ XRD
measurements at equivalent temperatures. Consequently, these stability ranges define the
permissible operational temperature range for gas sensing applications, ensuring the structural
integrity of the ZIF-n frameworks during device operation.

The current-voltage characteristics were evaluated for the measured samples 0A and MO,
as shown in Figures A3.8(a) and (b), as well as for two separate batch of samples (1A to 4A) and
(M1 to M4), as illustrated in Figures 5.9 and A3.9, respectively.

For all measured samples, the current-voltage characteristics of the Au IDEs and ZIF-
coated ZnO exhibited linear-behaviour, except at elevated temperatures (300 °C). At 300 °C, a

clear deviation from linearity was observed for sample 0A, which was attributed to the thermal

101



release of trapped charge carriers from defect states such as interstitial Zinc (Zn;) and Zinc
vacancies (Vz:), as corroborated by published results [144]. Similarly, for the M-series samples
(M1 to M4), forward and reverse voltage sweeps revealed an inversted hysterisis in the current-
volatge curves for all measured samples (Figure A3.9(a)-(d)). This behaviour was associated with
capacitive hysterisis, which indicated that trapped charges slowed down the return path of the

current [232, 233]. The extent of this effect was also found to depend on the voltage sweep rate.
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Fig. 5.9. Current-voltage characteristics of (a) 1A, (b) 2A, (¢) 3A, and (d) 4A samples at

different temperatures.

For sample series A, the Arrhenius plot derived from the current-volatge characteristics is
illustrated in Figure A3.10(a). Similarly, for sample series M, the corresponding current-volatge
characteristics are illustrated in Figure A3.10(b). In the Arrhenius equation, the relationship
between the temperature and the corresponding current is established using the concept of

activation energy (E,) (Equation (5.1)).

—Eg
I(T) = I,eksT G-
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or reorganized form of Equation 5.1 is represented in Equation 5.2,

(5.2)

~E, 1
In (I(T))=<kB x7>+lnlo

where /(7) is the measured current at temperature 7, [y is the pre-exponent factor, and kg is
the Boltzmann’s constant (8.617 eV/K).

Equation 5.2 is in the form of straight-line equation, where E./kp represents the slope of
straight line, and /, is the intercept of vertical axis.

The slopes and activation energies of all measured samples in series A and M were
extracted using linear regression of the data in Figure A3.11(a) and (b). The results of these
analyses and the corresponding calculations are summarized in Table A3.3.

As summarized in Table A3, the extracted activation energies for all tested samples in both
the A series and M series were in good agreement with previously reported values associated with
defect levels in ZnO [234]. Minor variations in activation energies among the samples were
observed due to the presence of different ZIFs on ZnO. For sample series A, the calculated
positions of the defect levels are listed in Table A3.3 and well-illustrated in Figure A3.11(a). The
associated defects for samples 1A, 2A, and 4A were identified as interstitial zinc (Zn;), while the
associated defect level for sample 3A was determined to be zinc vacancies (V7).

Similarly for sample series M, the defect levels associated with samples M1, M3, and M4
were intrinsic zinc vacancies (Vz;), while the defect levels associated with sample M2 was
determined to be interstitial Zn (Zn;) level (Figure A3.11(b)). The calculated values for sample
series M, as shown in Table A3.3, corroborate well with the published results [235-237].

5.6. Analysis of gas sensing performance in ZIF/ZnO and ZIF/ZnO:Cd-based MOF/MO
hybrids

The gas sensing properties of the reference samples (0A and M0) were evaluated in the
temperature range of 20 °C to 300 °C (Figure A3.12(a) and (b)). In the case of 0A sample, the
maximum sensing responses were observed for the alcohol series, including n-butanol and 2-
propanol at low temperatures (200 °C and 250 °C) and ethanol at higher temperatures (300 °C).
The obtained results for the ZnO structures toward alcohol series are well-corroborated with
published literature [238—-240].

Generally, the selective detection of homologous alcohol series using single sensor

involves a variety of challenges; though, the developed ZnO structures exhibited the possibility of
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employing temperature modulation. For example, a reported study on selective detection of
homologous alcohols using three ZnO-based gas sensors by modulating the operating temperature
attributed this behavior to the temperature-dependent regulation of oxygen vacancy concentration
[241].

Cd doping was observed to enhance hydrogen sensing performance, as evidenced in
previous studies [242]. At a lower operating temperature of 150°C, MO sample exhibited the
highest sensing response to n-butanol (~3.7%), exceeding the responses toward the other
investigated analytes. This selective response is consistent with earlier reports showing that ZnO
nanoparticles preferentially detect n-butanol over ethanol, 2-propanol, and acetone [243].

At an elevated operating temperature of 300 °C, the sensor exhibited a maximum response
toward hydrogen gas (~15%). Similar enhancements in hydrogen sensitivity at higher temperatures
have been widely reported in the literature [244-246]. The pronounced n-butanol sensitivity at a
low temperature (150°C), together with the substantially enhanced hydrogen response at
temperatures >150 °C, can be ascribed to Cd-induced modifications of the ZnO surface chemistry
and defect structure. These interpretations are further corroborated by previously reported studies
[242, 247].

In ZIFs, adsorption of target molecules typically occurs via pore channels or specific active
sites. In the case of ZIF-67, however, the lack of functional groups restricts adsorption exclusively
to its pore architecture. The ZIF-67 framework contains two distinct diffusion pathways defined
by its window apertures: a four-membered ring (4R) and a six-membered ring (6R). The
corresponding pore window sizes are approximately 0.8 A for the 4R aperture and 3.4 A for the
6R aperture, as depicted in Figure 5.10.

The passage of target molecules through the window apertures of ZIFs involves
interactions between the target molecules and the walls of the window aperture, which can be
analyzed using Derouane’s theory [250]. Using this theory, an effective Van der Waals
physisorption energy can be described by Equation 5.3 [250]:

1
2f

(5.3)

k
F(D) = ~n0-527

where F(f) represents the Van der Waals physisorption energy between a framework pore
and target molecule, & represents a molecular constant which is directly related to the polarizability
of the adsorbate, » represents an effective interaction distance or adsorption distance between the
pore wall and the center of molecule, f (7/s) represents the curvature factor, and s represents the

pore window size.
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Fig. 5.10. Pore window size of ZIF-67 framework through two different membered
rings (a) four-membered (4R) ring and (b) six-membered (6R) ring. Crystal structure of
ZIF-67 visualized using VESTA [248]. Adapted with permission from ref [249].
Copyright 2008 Royal Society of Chemistry.

Using this model, three cases arose depending on the target molecule’s size. If the
molecular size of the target analyte () is much smaller than the size of pore window (s), the
effective van der Waals interaction reaches zero. In the second case, if the molecular size becomes
comparable to the pore window size, the van der Waals interaction is maximized, attaining values
up to eight times higher than the first case (when s=0). In the third scenario, when the molecular
size exceeds the pore window size, a substantial energy barrier is formed, preventing the molecule
from passing through the pores. Consequently, optimal adsorption occurs when the molecular size
closely matches the pore window dimensions.

The passage of tested molecules through the window apertures (either the 4R or 6R
apertures of ZIF-67) depends on the kinetic diameters of the investigated molecules, including
acetone (4.6 A) [195], n-butanol (5.0 A) [168], hydrogen (2.89 A) [151], ethanol (4.53 A) [168],
and 2-propanol (4.7 A) [167]. The passage through 4R aperture, the pore window size is
approximately 0.8 A, which is too small to allow the diffusion of any tested analytes. Similarly,
the passage through 6R aperture of window size (3.4 A), all analyte molecules are larger than the
pore opening, with the exception of hydrogen. Temperature-dependent in situ XRD results
indicated that the phase transformation from ZIF-67 to Co30O4 initiated at 250°C, where both
phases coexist. At temperatures below 250°C, the sensing behaviour was dominated by ZIF-67,
leading to the exclusion of larger molecules while permitting the diffusion of smaller species such
as hydrogen. However, at temperatures >250 °C, it was observed that the ZIF-67 transformed into

Co0304, resulting in the formation of a C0304/ZnO p-n heterostructure. Sample 1A exhibited a
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substantial increase in sensitivity to ethanol at 250 °C compared to sample 0A, attributed to the p-
n heterostructure effect. These results corroborate the reported literature [251]. The p-n
heterostructure behaviour included the localized transfer of electrons from ZnO to Co3;O4 and
transfer of holes from Co304 to ZnO at the particle-film interface—driven by the higher Fermi level
of ZnO relative to CozO4—until equilibrium is established. According to the chemisorption model,
since the ethanol sensing was observed at 250 °C (a temperature where monoionic oxygen species
dominate and primarily adsorb on the surface), a hole accumulation layer formed on Co3O4 and an
electron depletion layer on the ZnO surface, as shown in Figure A3.14(a). Upon exposure to
ethanol, trapped electrons in the adsorbed oxygen ionic species were released back into the
conduction band. This process reduces the thickness of the accumulation layer and depletion layers
on Co304 and ZnO, respectively (Figure A3.14(b)). As a result, the electrical resistance of the
heterostructure increased after exposure to ethanol. The heterostructure exhibited a higher sensing
response to ethanol compared to bare ZnO. Therefore, a selective detection of ethanol was
achieved at 250 °C (Figure A3.13(a)). The dynamic electrical resistance variations and the
corresponding gas-sensing response of sample 1A upon ethanol exposure at 250 °C presented in
Figure A3.15(a) and Figure A17(b), respectively.

Similarly, for the case of series-M, sample M1 exhibited the highest sensing responses for
n-butanol and 2-propanol at 300 °C (Figure A3.16(a)). This behaviour can be attributed to Cd
doping, which enhances electron affinity at this operating temperature, thereby enabling selectivity
of these analytes. Prior studies have similarly reported that Cd doping in ZnO improves n-butanol
sensing performance [247]. The dynamic sensing responses for sample M1 to n-butanol and 2-
propanol at 300 °C, as illustrated in Figure A3.17(a) and (b), respectively.

Another important flexible ZIF (ZIF-7) that undergoes phase transition due to its
interactions with adsorbates, attributed to the gate-opening effect. This flexibility arises from the
rotational motion of the benzene rings in the benzimidazole linkers, which enables the framework
to switch between a closed phase (~3 A) and an open phase (~5 A) to accommodate guest molecule
[252]. The diffusion of guest species within ZIF-7 is governed by both their kinetic diameter and
their interactions with the pore aperture before its entry. Even at equilibrium, diffusion remains
dependent on the molecular size and the framework-guest interactions. Subsequently, due to small
kinetic diameter of hydrogen, it exhibited the highest diffusion coefficient among the investigated
analytes [253], leading to the high hydrogen selectivity of ZIF-7 observed in Figure A3.13(b). The
more symmetric state of ZIF-7, characterized by a larger accessible pore volume, is favoured at
higher temperatures, as corroborated with the prior research [254]. At higher temperatures

(300°C), sensing responses toward n-butanol and ethanol were observed, attributed to dipolar
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interactions between the hydrogen atomic sites of the alcohol molecules and the nitrogen sites of
the benzimidazole linkers, reported in prior research [255]. For sample M2, the gas sensing
performance was evaluated, as illustrated in (Figure A3.16(b)).

The gas sensing results were evaluated for samples M3 and 3A, these samples exhibited
hydrogen selectivity attributed to the ZIF-71 coating and the Cd-doping effect (Figures A3.13(c)
and A3.16(c)). This resulted in the elimination of interference effects from other analytes, which
was consistent with prior research [242, 256].

For the case of sample 4A and M4, they exhibited high hydrogen sensing response even at
lower temperatures, attributed to the molecular sieving effect through the ZIF-8 framework (Figure
A3.13(d)). However, among the VOCs, the studied samples exhibited n-butanol selectivity
compared to ethanol or 2-propanol (Figure A3.16(d)). This can be attributed to the abundance of
non-polar aliphatic sites in ZIF-8, making it more favourable for the adsorption of the longer
carbon chain of n-butanol compared to other interfering VOCs [255], including ethanol or 2-
propanol. The obtained results are supported by Grand Canonical Monte Carlo and Molecular
Dynamics simulations, which demonstrate that alcohols with longer carbon chains are more
readily adsorbed on ZIF-8, due to its hydrophobic nature. Prior research has demonstrated that
apolar molecules like n-butanol can easily adsorbed on ZIF-8, while 2-propanol adsorption is

hindered by its molecular geometry [257].

5.7. Proposed sensing model: Synergistic effects and Electronic modulation in ZIF/ZnO
and ZIF/ZnO:Cd-based MOF/MO hybrids

The sensing mechanism of the chemisresistive sensors toward the tested analytes is
explained using the adsorption-desorption model, which consists of three processes: sorption,
diffusion, and desorption. The role of ZIF particles overlayer on ZnO or Cd-doped ZnO played a
significant role in all three processes. The interaction of the tested analytes with the ZIF pore walls
varied depending on their physicochemical properties, as discussed in the section 5.6.

A trend of adsorption of tested analytes on ZIFs greatly influenced the electrical properties
of the hybrid material [197]. Moreover, the diffusion of the adsorbed analytes through ZIFs, their
interaction with the pore walls, and their behaviour at the hybrid material (ZIF/ZnO) interface
modulate the electrical properties. In case of hybrid materials, multiple factors affect the electrical
properties, including molecular sieving, affinity for functional groups, polarity differences,
diffusion coefficients, and gate-opening mechanisms due to aromatic ring rotation, among others.

Following the adsorption process, the diffusion of the sorbed analyte through the pore

channels is greatly dependent on operating conditions and their geometrical configuration. The
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determination of the flow regime was carried out at a temperature (7=300 °C) and atmospheric
pressure (p). To evaluate this, the Knudsen number (K) was calculated, using an Equation 3.16
from Chapter 3.

Comparing the concentration of the tested analytes (100 ppm) with that of the background
air, the effect of analyte concentration was neglected due to its relatively small concentration. As
a result, the background air dominated the gas mixture, rendering the mean free path (4) of the
tested analytes independent of their small mole fraction. Consequently, the 4 of the tested analytes
depended solely on differences in their respective collision diameters. Using this information, the
A of the tested analytes was determined to be 52 nm, 63 nm, and 148 nm for n-butanol, ethanol,
and hydrogen, respectively, at 300 °C.

For the classification of the flow regime, the Knudsen number (K) was determined for the
tested sensor in the presence of each tested analyte under particular operational conditions and
categorized into three regimes: the Knudsen diffusion regime, the transitional diffusion regime,
and the molecular diffusion regime, using the Equation 3.16, mentioned in Chapter 3.

The pore aperture sizes of ZIF-67 (¢11), ZIF-7 (t22), ZIF-71 (t33), and ZIF-8 (#44) were represented
by tw. The calculated Knudsen number (K) for all the studied ZIFs toward the tested analytes,

including n-butanol, ethanol, and hydrogen, are summarized in Table 5.4.

Table 5.4. Knudsen number (K) of tested analytes for all the studied ZIFs.

ZIF names Hydrogen N-butanol Ethanol
ZIF-67 435 153 185
ZIF-7 493-296 173-104 210-126
ZIF-71 290 102 124
ZIF-8 435 153 185

Using the quantitative analysis in Table 5.4, it was concluded that the value of K is greater
than 10 in all cases, which clearly indicated the dominance of Knudsen diffusion regime. ZIF
particles almost completely cover the whole ZnO film, however, it was not continuous as observed
in SEM images. In addition, the ZIF layers may contain pinhole defects, allowing gas transport
through grain boundaries and other structural imperfections, which may locally decrease the value
of K. Overall, transport of n-butanol, hydrogen, and ethanol through the studied ZIFs
predominantly occurred via Knudsen diffusion. Nevertheless, localized contributions from
molecular and transitional diffusion could occur at grain boundaries and defect sites.

The reference material used was ZnO, which is an n-type semiconductor due to the
presence of intrinsic defects that generate donor states just below the conduction band [258]. Upon

exposure of the ZnO surface to atmospheric oxygen molecules, electrons from the conduction band
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are trapped, and the adsorbed oxygen molecules were transformed into a variety of oxygen ionic
species, including molecular ionic, monoionic atomic, and bionic species, depending on the

temperature, as illustrated in Equations 5.4 to 5.7 [259].

02 (gas) © O2(aas) (5.4)
Oz(aasy ¥ €~ < Oz(aas) (5.5)
02(ads.) +2e” & 20(_ads.) (5'6)
0(_(1ds) +e © O(ZCl_dS) (5.7)

where Ozgus), O2(ds.), and e represent the oxygen gaseous molecule in the atmosphere,

adsorbed oxygen molecule on the sensing surface, and transferred electron from the conduction
band of the ZnO, respectively.

It was observed that, for all studied samples, sensing responses occured in the temperature

range of 150-300 °C, which clearly indicated the dominance of monoionic oxygen species (O")

[259]. The trapping of electrons from the ZnO conduction band by the adsorbed monoionic oxygen

species resulted in an increase in the surface work function and upward band bending in ZnO

(Figure 5.11). This, in turn, led to an increase in the electrical resistance of ZnO surface.
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Fig. 5.11. Schematic of the gas sensing mechanism of ZIF-coated ZnO, illustrating

energy band diagrams upon exposure to reducing gases (VOCs and H>).
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Following the exposure of reducing gases (n-butanol, ethanol, 2-propanol, hydrogen, and
acetone), the trapped electrons were released back into the ZnO conduction band (Equations 5.8
to 5.12) [9, 260-262] by reacting with the adsorbed monoionic oxygen species, which contributed
to a decrease in the electrical resistance of ZnO. This led to a reduction in the upward band bending

(q4V = qVi- qV>), and the EDL becomes thinner [263], as illustrated in Figure 5.11.

(CHsOH)qas. + 60345 = 2C05yq, + 3H,0 + be™ (5.8)
(C3Ho0)aas, + 90345, = €03y, + 4H,0 + 9~ (5.9)
(CsHoOH)aas. + 12055 > 4C0z o) + SH,0 + 126 (5.10)
(CH3COCH;) ags, + 8045, = 3C0; g, + 3H;0 + 8 G.11)
(H2)aas. + Ogqas. = H,0 + e~ (5.12)

where ( C2H50[_1)ads., (C3H8O)ads., (C4H90[_[)ads., (CH.?COCH.?)adS., COZ(gas), HZ(ads‘), and
H>0, represent adsorbed ethanol, 2-propanol, n-butanol, acetone, released carbon dioxide,

adsorbed hydrogen, and released water molecules, respectively.

5.8. Conclusion of Chapter 5

Using XRD, a preferential growth of ZnO was observed along the c-axis corresponding to
(0 0 2) plane; meanwhile, for the various ZIF-n (n= 67, 7, 71, and 8), the most prominent XRD
reflections were observed along the family of planes {0 1 1}. By employing the Scherrer equation
on the most prominent XRD reflections, crystallite sizes were determined to be approximately
35.67 nm, 42.30 nm, 61.97 nm, and 37.50 nm for ZIF-67, ZIF-7, ZIF-71, and ZIF-8§, respectively.

Moreover, temperature-dependent in situ XRD measurements on all ZIFs from a
temperature of 30 °C to =500 °C provided comprehensive insights into the phase transitions,
thermal degradation, and their transformation into respective metal oxides (ZnO or Co304), which
were well-corroborated with the TGA results. Specifically, for ZIF-67, increasing the temperature
from 30 °C to 225 °C resulted in a slight shift of the XRD reflections by 0.04° to 0.12° toward
higher 20 values, which was attributed to the shrinkage of the ZIF-67 framework. In the case of
ZIF-7, a transformation of ZIF-framework from the open phase (phase I) to the closed phase (phase
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IT) due to the release of solvent molecules. Additionally, a slight shift in XRD reflections from
9.47° to0 9.04° toward lower 20 was observed when increasing the temperature from 30 °C to 350
°C, which was attributed to the thermal expansion of the ZIF-7 framework. In a similar manner,
for ZIF-8 framework, increasing the temperature from 30 °C to 325 °C resulted in a slight shift in
XRD reflections by 0.12° toward higher 26 and a deterioration in the intensity of the most
prominent XRD peak (0 1 1), which can be attributed to the degradation of the Zn-N bond.

Furthermore, distribution of ZIF particles and morphology analysis provided insights about
the dodecahedral morphology of the ZIF particles covering almost whole surface of the ZnO or
Cd-doped ZnO. EDX analysis of the Cd-doped ZnO structures confirmed the presence of Cd in
Zn sublattice, which was also supported by the shift in XRD reflections toward lower 26 following
Cd incorporation.

To support this claim, a shift in the Raman peak was observed toward higher wavenumbers
by 1.68 cm™ after Cd doping, which was attributed to increased lattice stress. Additionally, distinct
phonon modes—including methyl bending, N—(Co or Zn)—N stretching, linker stretching and
torsional modes (t), linker bending, and 6-ring deformation— were identified in the hybrid
structures.

XPS analysis provided detailed information on the surface chemistry of the hybrid
structures and confirmed the structural intactness of the ZIFs on the ZnO surface. In addition, it
revealed the extent of degradation of the ZIF-71 framework under X-ray exposure due to the
presence of special functional sites (-Cl). By employing forward and reverse voltage sweeps during
current-voltage characteristics measurements, an inverted hysteresis was observed. This behaviour
corresponds to capacitive hysteresis and was attributed to charge traps, which slowed the return
path.

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

and grain boundaries, molecular and transitional flows also contributed in localized regions.
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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 [6-7] [274].

The ZIF-8/CuO: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
[6].

The ZIF-71/CuO:Al-based MOF/MO 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 [7].
ZIFs/ZnO-based study confirmed preferential crystallographic orientations and nanoscale
crystallite sizes of all ZIF-n (n= 67, 7, 71, and 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 [6-7] [274].
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. The ZIF-8/Cu0O:Al-based MOF/MO hybrid sensor exhibited appreciable sensitivity (75%)
for 100 ppm hydrogen gas even at a high RH 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 [6, 8].

. The ZIF-8/Cu0O:Al-based MOF/MO 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) [6, 8].

. ZIF-71/Cu0O:Al-based MOF/MO 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 [7].

. Dual gas sensing (n-butanol and hydrogen) at different operating temperatures (200 °C and
250°C) exhibited by the ZIF-71/CuO: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 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 [7].

Based on the obtained general conclusions, following recommendations can be formulated:
. 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).

. Itisrecommended 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 confirmed a

successful development of hybrid structures.
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4. 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 RH 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).

5. 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/Cu0O:Al-based MOF/MO 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.

6. Itis recommended to tune the selectivity of alcohol series using an appropriate doping (Cd)
in ZIF-67/Zn0 based hybrid sensors. ZIF-67/Zn0O exhibited higher sensitivity (>1.5 times)
for ethanol compared to other alcohols, but in case of ZIF-67/ZnO:Cd hybrid structures,

highest sensitivity was observed for n-butanol or 2-propanol (>2.5 times) at 300 °C.
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ANNEX 1. Physicochemical and the corresponding gas-sensing properties of ZIF-8/CuO:Al
hybrids

®
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Fig. A1.1. SEM images of (a) the CuO:Al film on glass substrate, and (b) ZIF-8
nanoparticles on Si substrate showing the particle size.

0o e

Fig. A1.2. (a) The SEM image of the investigated area in the CuQ:Al film, and the
composition images using EDX mapping: (b) Cu distribution, (c) O distribution, and (d)
Al distribution.
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Fig. A1.3. High-resolution XPS spectra of the ZIF-8/CuQ:Al (low coverage) sample: (a)
C 1s, (b) Cu 2p, (¢) N 1s and (d) Zn 2p spectrum.

(a)140 I Hydrogen [l n-Butano 120 H *ow-asu%l—-—Hzgas
[ Ethanol [l Acetone [l Ammonia Z lQut 100 ppm
120 Z 1004 |
S 1 < 3
b @
] g 804
g 100 g {
5] ]
g 80 2 gl {
2 6o s Inl i
5 n 40
8 " &
204 204 ‘
o 0—i ‘ : :
250 300 350 0 50 100 150 200
Operating Temperature (°C) Time (s)
(C) - Air | Hydrogen (d) 10 [— (1) Room Temperature] =
100 Sl Cas [ 1. n-Butanol 84— @) OPT-150°C
_:; Out — (3) OPT-200 °C
e 64— (4) OPT-250"C
: 80+ Bl 2 —— (5) OPT-300 °C L
o E [Se=Acatona £ 4T—morrascc
g i gas concentration 100 ppm = 2
a 60+ OPT- 350 °C S )
a o 0 il
[} = 7_;_—_,—..??"
& 491 ; 5 2
] ! (&]
g Inh‘ -4
20 | 6-
0 h
0 20 40 60 80 100 5 4 3 2401 2 3 4 5
Time (s) Voltage (V)

Fig. A1.4. Gas response of the CuO:Al based sensor: (a) to a series of gases with
concentration of 100 ppm at 350 °C, (b) dynamic response to 100 ppm of hydrogen at 350
°C, and (c) dynamic characteristic of all the tested gases at 350 °C; (d) current-voltage (I-V)

characteristics at different OPTs.
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Fig. A1.5. The comparative visualization of the gas responses of the ZIF-8/CuO:Al and

CuO:Al sensors to a series of gases with concentration 100 ppm at different operating

temperatures.
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Fig. A1.6. Gas response of the ZIF-8/CuQO:Al based hybrid sensor to different hydrogen
concentrations and RH values (a). RH 11%, and (b). RH 50% after three weeks.
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Fig. A1.7. Gas response of the ZIF-8/CuQO:Al based hybrid sensor to different hydrogen
concentrations and RH values (a). RH 11%, and (b). RH 50% after four weeks.

Table Al.1. A comparative study of the current work with the other reported literature.

Sensing oT Target gas Concentration Response RH (%) | LDL reference
material O (ppm) () (ppb)

(CuTi)Ox 200 H, 1000 186 <10 - [264]

thin film

ZnO:ZIF-8 270 H: 50 40 - - [105]
SnO,-CuO RT C,HsOH - 65 - - [265]
layer

Pd NPs/CuO | 300 H; 100 ~125 - - [266]
GO/Cu0O - CO, - ~60 - - [267]
Nano-bitter | 200 H; 100 ~175 <30 2 [268]
CuO

Pd/CuO/Si RT H» 1% ~10.8 - 40000 | [269]
CuO NWs 300 H» 5000 ~259 50 - [270]
CuO NWs 300 H» 5000 ~200 0 5 [270]
CuO:Al film | 350 H» 100 ~90 11 - This work
Z8/CuO: Al | 3350 H» 100 ~170 11 686 This work
film

Z8/CuO: Al | 250 C4HoOH 100 ~80 11 - This work
film

Z8/CuO: Al | 350 H; 100 ~152 50 - This work
film
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ANNEX 2. Physicochemical and sensing properties of ZIF-71/CuQ:Al hybrids

-~ - o be e Y ‘ — - - h

Fig. A2.1. Particle size determination of ZIF-71 particles using SEM, showing an average

diameter in the range 500 to 750 nm.
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Fig. A2.2. (a) The SEM image of the investigated area; and the composition images of the
CuO:Al film using EDX mapping: (b) Cu distribution. (¢) O distribution. (d) Al

distribution.
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Fig. A2.3. X-ray diffraction pattern of the CuO:Al film with electrical Au contacts.
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Fig. A2.4. X-ray diffraction pattern of ZIF-71 particles.
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Fig. A2.5. Transient gas sensing response of the ZIF-71/CuQO:Al-based MOF/MO hybrid

sensor to acetone at 250 °C at RH 10%, measured 21 days after the initial measurements.
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Fig. A2.6. Transient gas sensing response of the ZIF-71/CuO:Al-based MOF/MO hybrid

sensor to 2-propanol at 250°C (after 21 days measurement).
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Fig. A2.7. Gas sensing response to a series of analytes at different operating temperatures
from 20 to 250 °C for ZIF-71/CuQ:Al films after 42 days from the initial measurements at
RH 10%.
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Fig. A2.8. Gas response of the ZIF-71/CuQO:Al-based MOF/MO hybrid sensor to a series of
gases at 250°C at RH 10%.

Table A2.1. Comparison chart of presented gas sensing results with other reported

literature using a similar material combination.

Material Concentration Response Enhancement in Response/re Relative Operating
(type) ref. , test gas value, S sensing response covery time humidity temperatu
(%) after ZIF-71 (s) (%) re (°C)
coating (Szir-
71cnated/Suncoated)
ZnO (nanorod 50 ppm, ~100 0.8 - - 250
arrays) [151] hydrogen
ZnO@ZIF-71 ~80 - -
(nanorod
arrays) [151]
ZnO (nanorod 10 ppm, ethanol 2.59 ~4 419.4/988.2 - 150
arrays) [271]
ZnO@ZIF-71 13.4 194.3/442.1
(nanorod
arrays) [271]
ZnO (nanorod 5 ppm, acetone  20.6 ~1.8 373.3/772.4 - 150
arrays) [271]
ZnO@ZIF-71 38.9 195.9/535.5 -
(nanorod

arrays) [271]
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Material
(type) ref.

Concentration
, test gas

Response
value, S
(%)

Enhancement in
sensing response
after ZIF-71
coating

71coated/| Suncoated)

(Szrr-

Response/re
covery time

O)

Relative
humidity
(%)

Operating
temperatu
re (°C)

WO; (nanorod
arrays) [272]
WOs@ZIF-71
(flower-like)
[272]

WOs3 (nanorod
arrays) [272]
WO;@ZIF-71
(flower-like)
[272]
CuO/1%PMA

(nanofibers)
[273]
CuO
(nanowires)
[270]

CuO:Al
(intergranular
grains)  (this
work)

Z1F-
71/Cu0O:Al
(rhombic
dodecahedron
) (this work)
CuO:Al
(intergranular
grains)  (this
work)

ZIF-
71/Cu0O:Al
(rhombic
dodecahedron
) (this work)

20 ppm, ethanol

20 ppm,
acetone

100
ethanol

ppm,

2500
hydrogen

ppm,

100
hydrogen

ppm,

100 ppm, n-
butanol

27
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Fig. A2.9. (a) The schematic for tuning the selectivity using porous crystalline materials. (b)
Crystal structure of metal-organic frameworks ZIF-71 visualized using VESTA.[248]
Adapted with permission from ref. [171] Copyright 2008 Science.
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ANNEX 3. Physicochemical and sensing properties of ZIFs/ZnO hybrids

Fig. A3.1. SEM micrographs of the ZnO and Cd-doped ZnO films at lower magnification
(a) and (b); and higher magnification (c) and (d), respectively.
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Fig. A3.2. XRD patterns of (a) ZIF-67 (b) ZIF-7 and (c) ZIF-71 on Si substrate during in-

situ heating experiment.
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Fig. A3.3. (a) Raman spectra of the 0A sample and (b) M0 sample.
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peak shift due to Cd doping.
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Table A3.1. Elemental composition of samples M1-M4 obtained by semiquantitative XPS

analysis.
Element
Composition
(at%) C-Cls 0-01s N-Nls Zn - Zn 2p Cl-ClI2p|Co-Co2p
M1 (ZIF-67) 64.8 4.0 24.8 0.6 - 5.9
M2 (ZIF-7) 72.1 2.6 18.6 6.7 - -
M3 (ZIF-71) 49.6 1.8 19.4 6.2 22.4 -
M4 (ZIF-8) 61.1 3.1 26.2 9.5 - -

Intensity (a.u.)

396 540 535

292 284

210 205

N1s

Intensity (a.u.)

O 1s

C1s

Cl2p

400
Binding Energy (eV}

404

535 530
Binding Energy (eV)

39 540

525

292 288

Binding Energy (&V)

284

205 200
Binding Energy (eV)

210

195

Fig. A3.6. Comparison of N 1s, O 1s, C 1s, and CI 2p XPS high-resolution spectra of the M3

sample from this study and a ZIF-71-coated Al-doped CuO film from a previous study[7]

Table A3.2. Absolute E;, positions of all fitting functions used in the XPS analysis.

after respective charge correction and fitting.

Element Components Binding Energy (eV)
M1

Cls Cl1 286.7

Co 2p Col 781.2

Co 2p Co I 796.7

Co 2p Satellites 786.4

Co 2p Satellites 802.4

N 1s N1 400.3
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Element Components Binding Energy (eV)
O 1s (O 532.3
Zn 2p Zn 1 1020.5
Zn 2p Zn 1' 1043.5
M2

Cls Cl 286.2
Cls C2 287.3
N Is N1 400.6
O 1s 01 533.0
Zn 2p Zn 1 1021.7
Zn 2p Zn ' 1044.6
M3

Cls C3 288.7
Cls C2 287.1
Cls Cl 286.2
Cl2p Cl1 200.4
Cl2p Cl2 202.7
Cl 2p crr 202.0
Cl2p Ccl2' 204.3
N Is N3 402.8
N 1s N2 401.0
N Is N1 398.9
O ls 01 533.5
Zn2p Zn 1 1021.7
Zn 2p Zn1' 1044.6
M4

Cls Cl 286.9
N 1s N2 400.6
N 1s N1 398.7
Ols O ls 532.9
Zn 2p Zn 2p 3/2 1021.7
Zn 2p Zn2p 1/2 1044.7
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Fig. A3.7. XPS High-resolution XPS spectra of the M1, M2, M3, and M4 samples

corresponding to O 1s.
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Fig. A3.8. I-V characteristics of (a) 0A and (b) M0 samples at different temperatures.
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Fig. A3.9. I-V characteristics of (a) M1, (b) M2, (c) M3, and (d) M4 samples at different

temperatures.
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Fig. A3.10. Arrhenius plot of two different batch of samples, (a) 1A, 2A, 3A, and 4A, and
(b) M1, M2, M3, and M4 samples.
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Table A3.3: Values of slope of the curve and activation energy for all the eight samples.

Sample name Slope of the curve (-Ev/ks) in K Calculated activation energy (E,) in e}V’
1A -2870.842 0.247
2A -2964.291 0.255
3A -3094.449 0.267
4A -1950.181 0.168
M1 -4101.909 0.353
M2 -4301.349 0.371
M3 -4172.621 0.359
M4 -3895.565 0.336

(a)

Ec — 10-247eY 1. 0.255 eV . — 0.168 eV
1A 2A 3A aA
| | VZn |
E I 0.267 eV
’ (b)
b1 0.371eV:
Zn; :
ML | M2 . M3 M4
VZn --_\_I_Z'! ______ VZn
E. _+ 0353ev 0.359 eV BT eV

Fig. A3.11. Trap energy states for carriers in different samples (a) 1A, 2A, 3A, and 4A and
(b) M1, M2, M3, and M4.
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Fig. A3.12. Gas sensing results of different gases for (a) 0A and (b) M0 samples, at
different operating temperatures in the range of 20 to 300 °C.
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Fig. A3.14. An illustration of an energy band diagrams of C0304/ZnO heterostructure:
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Fig. A3.15. (a) Dynamic resistance changes and (b) Dynamic gas sensing response of the

sample 1A in the presence of ethanol at 250 °C.
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Fig. A3.16. Gas sensing results of different gases for (a) M1, (b) M2, (¢c) M3, and (d) M4

samples, at different operating temperatures in the range of 20 to 300 °C.
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Fig. A3.17. Dynamic gas sensing response of the sample M1 in the presence of (a) n-butanol

and (b) 2-propanol at 300 °C.
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ANNEX 4. Implementation of scientific results
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