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Abstract

In the present work, one-dimensional zinc oxide nanostructures (1DZnQO) were
obtained using pressure-modulated metal-assisted vapor transport. Using
electron and X-ray diffraction, scanning/transmission electron and atomic force
microscopies, UV-visible, photoluminescence, X-ray photoelectron, and Fourier
Transformed Infrared spectroscopies, the morphological, structural, and optical
properties of the system were determined. The reported methodology allowed
control over the orientation, length, diameter, and distribution in the catalyst-
assisted growth of high-crystalline 1DZnO nanostructures with tailored
optoelectronic characteristics. The control over the nanostructured coatings was
achieved through operation parameters such as transport gas flow/composition,
precursors, substrate employed, catalyst pattern, and temperature.

After the synthesis understanding of these materials, different 1DZnO
morphologies were evaluated as photocatalysts for hydrogen production through
the water-splitting reaction. It was discovered that 1DZnO with random
orientation, high aspect ratio, and ideal diameter distribution exhibit the most
stable and effective photocatalytic activity.

Furthermore, CO2 gas chemo-resistive sensing properties at different
concentrations were investigated for the 1DZnO materials synthesized. The
results showed a high sensing response for longer 1D nanostructures and faster
response time for shorter ones. Good selectivity was also found towards the
oxidizing gas. These two applications could then contribute towards the green
transition agenda.

Lastly, by evaluating the impact of the morphological and structural factors
concerning 1DZnO biofunctionalization methodologies, an appropriate antibody
attachment procedure was developed to construct an E. coli optical biosensing
layer. The results showed an excellent approach to developing efficient
biorecognition layers on top of 1DZnO materials without hindering the optical
response.



Introduction

In recent years, climate change, energy demand, and health have been regarded
as among the most urgent global issues to be resolved!. Numerous studies have
been conducted concerning these issues in search of alternatives and solutions.
Due to their morphological and optoelectronic properties, semiconductor metal
oxides are promising candidates for various applications, including environmental
remediation, photocatalytic hydrogen production, carbon dioxide detection and
capture, and platforms for developing nanostructured biosensors due to their
morphological and optoelectronic properties?2.

Since its discovery, photocatalytic hydrogen production has been regarded as
one of the potential answers to environmental and energy production challenges®.
ZnO stands out as one of the most utilized semiconductors for photocatalysis. Its
band structure satisfies the parameters for photocatalytic hydrogen production
under appropriate light irradiation. Moreover, its non-toxicity, biocompatibility, low
production cost, and effective charge transport make it a top contender for the
photocatalytic water splitting reaction®.

However, the magnitude of its band gap (3.37 eV) imposes a limitation for
photocatalytic activity under visible illumination. This is because it can only use
4% of the solar radiation (near UV region) in photoexcitation processes. Some
works have sought to improve efficiency in the visible region by employing
strategies such as control over the morphology of the photocatalyst, particle size,
heterostructure formation, and noble metal deposition, among others.

Recently, ZnO nanostructures have received significant interest in photocatalysis
due to the diversity of nanostructures obtainable and their properties®.
Nanostructured ZnO can exist in different morphologies, such as nanotubes,
nanowires, nanosheets, nanobelts, and nanoflowers, which offer different
properties from those of bulk ZnO”. Due to high aspect ratios, large surface areas,
and structural confinement in radial dimensions, 1D nanostructures have been
shown to have favorable mechanical, electrical, optical, and chemical properties
in the photocatalytic performance of the system. Consequently, 1D ZnO-based
nanomaterials have been successfully used for the photocatalytic production of
hydrogen?.

Advances in ZnO nanostructure growth technology have also been helpful for the
development of sensing platforms. ZnO coatings have demonstrated changes in
their conductivity due to gas adsorption, making them ideal materials for
developing gas-resistive sensors. In addition, the possibility of obtaining ZnO
nanostructure platforms with versatile morphologies and surface properties is
fundamental to developing technologies for detecting polluting gases that affect
human health and environmental integrity. Thus, developing CO2 sensors is
necessary for the green transition framework.

The ZnO nanostructuring process has also proven attractive for developing
biosensor devices®. Biosensors are selective and sensitive devices for detecting
chemical and biological substances at deficient concentrations. Furthermore,
they offer the possibility of real-time analysis without the need for sample
pretreatment or large sample volumes!®. As medical diagnostics require
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accurate, fast, and inexpensive biosensors, the inherent advantages of optical
detection methods (i.e. label-free, no crosslinkers) must be evaluated. The
surface and optical properties of 1DZnO offer benefits for the effective
immobilization of bioselective layers to various analytes of interest. Moreover, the
need to use 1D transducers as active elements in sensors derives from the need
to achieve increasingly lower thresholds in detection levels. The significant
advantage of using these structures is the increased sensitivity of the devices
due to the high surface-to-volume ratio*!. In addition, surface plasmon resonance
phenomena and characteristic photoluminescence make these optical systems
promising candidates in optical biosensing*2.

In this work, the synthesis and characterization of one-dimensional ZnO
nanostructures were carried out. Subsequently, the performance of the obtained
materials in photocatalytic hydrogen production, CO2 sensing, and as an optical
biosensing layer for Escherichia coli was evaluated.



Chapter I. Theoretical framework

One-dimensional ZnO nanostructures

ZnO is a binary semiconductor whose use in its polycrystalline form (Figure 1-1
(a)) is widespread in industrial applications, as well as in everyday commercial
goods. Thus, the compound is employed in cosmetic products, sunscreens,
catalysts, lubricant additives, paint pigmentation, piezoelectric transducers, and
bactericidal agent, among others (Figure 1-1(b))*34. This extensive range of
applications is a consequence of the n-type semiconductor's electrical character
as well as chemical, optical, photocatalytic, and biocompatible capabilities.

a) b) Others (3%) © ‘\ © Paints and coatings(3%)
_ White pigmentin paints and anti-
Agriculture (5%) ° = corrosive coating of metals

Inorganic micronutrient used as (galvanization).
fertilizer and seed coating prior to

transplanting.
‘ A @ Chemical (9%)

Methane reforming,
dermatological drugs, cigarette
A filters, blocking creams.

ontrol of the optical and thermal
properties of varnishes, glazes

4 Rubber vulcanization. Fungicide
and ceramics.

and UV protection agent for
> rubber.

i\\o Rubber (61%)

10pm IIM-UNAM
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Figure 1-1. (a) Zinc oxide powder (ZnO). (b) Commercial and industrial uses of ZnO in
its polycrystalline phase!*. (c) One-dimensional ZnO nanostructured coating on
crystalline substrates obtained in the MAVER-IIM/UNAM laboratory.

ZnO is an attractive material for the fabrication of optoelectronic devices due to
its direct gap of 3.37 eV, its excitonic energy at room temperature (60 meV), and
its structural resemblance with GaN. It also presents a laser emission in the
ultraviolet and adequate transmittance in the UV-Visible spectrum to function as
a photosensor material. At ambient pressure and temperature conditions, the
material possesses a hexagonal wurtzite structure in which each Zn?* ion is
tetrahedrally coordinated with four O% ions and viceversa (i.e., each oxygen ion

10



coordinated with four zinc ions). The ideal cell (P63mc, Cev*) shows a c/a ratio of
1.6. However, structure modifications (i.e., doping, defects) turn the X-Ray
diffraction (XRD) experimental results of c/a to an interval between 1.593-1.604%,
The interpenetration of Zn?* and O? tetrahedrons derives from the sp? orbital
hybridization and produces the alternate between oxygen and zinc planes of
atoms. This coordination is evidence of the polar character in the Zn-O bond.
However, the electronegativity difference between Zn and O also suggests an
essential ionic contribution to the interaction'®1’, This results in the polarization
of the hexagonal structure along its c-axis. The mentioned charge alternate also
produces contrary charged planes in the ¢ direction as well as positive (001) Zn
plane and negatively charged (00I) O plane. Nonpolar facets occur when a plane
is composed of the same number of negative and positive ions. The most
common are the a-orientated (100) and (110) planes®. The relative contribution
of the polarity characters in different crystal facets is responsible for phenomena
such as anisotropic crystalline growth, defect generation, and functionalization.

Additionally, its biocompatibility allows using ZnO in biological (biosensing,
antimicrobial/antivirus, bioimaging) and environmental (photocatalysis, pollution
monitoring) applications. The motivation to substitute widely used optical
semiconductors (e.g., GaN, CdS) with less contaminating compounds is also
relevant, as these materials offer an easier non-toxic recycling option.

Furthermore, recent improvements in the synthesis technology of ZnO-based
nanostructures?®?° have also led to a renewed interest in implementing these
materials in diverse research areas. For this reason, a great effort has been made
to produce high-quality, low-dimensional ZnO materials. Morphologies such as
nanoparticles (NPs), nanowires (NWs), nanorods (NRs), nanoflowers, tetrapods,
and thin films, which offer an enhanced surface-to-volume ratio and
physicochemical properties are among the most studied nanostructured ZnO
platforms. This extensive collection of nanostructured ZnO-based materials
encourages their application in modern nanodevices. A relevant group of ZnO
nanostructured materials comprises NWs and NRs, often referred to as one-
dimensional ZnO nanomaterials (1DZn0O). As can be seen in Figure 1-1 (c), the
1DZnO is highly anisotropic in its structure because of a preferential growth
direction.

Generally, the one-dimensional structures must have a transversal section (i.e.,
diameter: d) much shorter than its axial length (l). The aspect ratio determines
the | d** morphological proportion of the nanostructure. In such 1DZnO coatings,
precise control over the nanostructures' orientation, dispersion, composition, and
size must be achieved to implement them in optoelectronic applications.
Properties such as efficient charge transport, high crystalline quality, and band
gap modulation have been studied in areas including sensing, photocatalysis,
and biotherapy?*. In the last 20 years, more than 33,000 "one-dimensional ZnO
nanostructure” articles have been published in indexed journals??.

Vapor phase growth technique of 1DZnO materials
There are a variety of techniques available for obtaining 1DZnO materials. These
can be categorized into vapor phase growth, solution nucleation, and templated

11



approaches. These vapor phase growth techniques are an example of a bottom-
up strategy that allows obtaining nanostructured coatings of high crystallinity and
homogeneity on crystalline substrates?324,

To achieve preferential nucleation of the gaseous precursors, it is common to use
a substrate prepared with a suitable catalyst or with a nuclei-textured surface, as
shown in Figure 1-2. Depending on the phase in which the catalyst is present
during the nucleation of the 1D structure, the assisted growth mechanism is called
VLS (liquid catalyst) or VSS (solid catalyst)®.

Vapor phase deposition

Metal catalyst thin film Metal catalyst nanoparticle

Substrate Metal thin film
deposition
(Au, Pd, Ni, Sn) P
Annealing T,

Melting point T |

ZnO nuclei
Zn precursor vapor generated by |
1. Thermal evaporation T, solid i | T, liquid metal droplet
Vapor-Solid (VS) 2.MOCVD <T  solid meta nanopamce >T_liquid metal nanodrople!
Oxide assisted growth growth mechanism Vapor-Solid-Solid (VSS) Vapor-Liquid-Solid (VLS)
growth mechanism growth mechanism

Figure 1-2. Vapor phase growth mechanisms. The supply of precursor gas species to a
liquid (VLS) or solid (VSS) catalyzed surface phase is observed. In this way, it is possible
to achieve the growth of ZnO nanostructures with axial confinement?5.

The growth process begins with the thermal evaporation of a ZnO precursor to
produce Zn (g) vapor. Since the evaporation point of the compound is
considerably high, using ZnO:C mixtures instead of pristine ZnO powder has
been reported, as the resulting carbothermal reaction can produce zinc vapor at
lower temperatures (750°C)?’. Subsequently, the gaseous reactants are brought
to the surface of a liquid-phase catalyst nanoparticle (e.g., Au, Sn, Cu) using a
carrier gas. There the diffusion process of soluble precursor atoms takes place.
This process continues until a supersaturated condition is reached. Finally, at the
substrate-catalyst interface, the Zn precursor is oxidized to form a solid ZnO
crystalline structure that results in anisotropic growth of the 1D material as far as
the precursor species continue to be supplied or the temperature in the synthesis
chamber is reduced (Figure 4-2). This methodology has been used to obtain one-
dimensional metal oxides since it was reported by Wagner and Ellis?2.
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As simple as it may seem, there are many questions about the precise
mechanism that the system follows under certain growth conditions?°.

Understanding the details of the mechanism of catalyst-assisted vapor-phase
growth of semiconductor nanostructures is an important area of research to gain
control over the morphological properties of the coatings?®-32. Among the key
working parameters are the temperatures of both the substrate and the
evaporation source, the pressure of the synthesis chamber, the processes of
generation and transport of the gaseous species, the shape and size of the metal
catalyst, as well as the crystalline structure of the substrate on which the 1DZn0O3?
are obtained.

In addition, the exchange between precursor source gases during growth allows
the formation of radial and axial heterostructures. Platforms composed of highly
vertically aligned 1DZnO layers have been obtained by taking advantage of the
epitaxial growth between the ZnO lattice and the support employed. Thus, highly
aligned 1DZnO structures have been obtained on sapphire, GaN, AlGaN, and
AIN substrates334,

As already mentioned, the phase difference of the seeded or catalyzed surface
defines the growth rate of the nanostructures since the adsorption rate of the
gaseous precursor species on solid surfaces is lower compared to liquid ones®.
Therefore, using metal catalysts reduces the formation energy of 1D
nanostructured ZnO and allows precise control over the dimensions and
arrangement of the nanostructures. Au NPs is a popular metal catalyst for
producing ZnO NWs and NRs?!. This is due not only to the good solubility of the
Zn precursors in Au solution but also to the surface tension of the metal that
allows catalytic droplets with high contact angles, advantageous for optimal
growth of 1DZn0O.

On the other hand, the role of a buffer film between the substrate and the
nanostructured ZnO system has also been investigated primarily in cases with
high structural incompatibility between the two components (cubic substrates).
This film, also called the seed layer, provides the basis for nucleation to produce
ZnO growth and controls the alignment of the structures. It has been reported
that obtaining 1DZnO materials with controlled dimensions and high aspect ratios
on Si substrates requires the use of a ZnO seed layer to reduce the mismatch
between the crystal lattice of the substrate and the growing nanostructure36:37,
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Chapter Il. Applications

Improving fundamental aspects of daily life, such as health, energy availability,
and environmental care, requires developing and implementing new
technologies. Integrating cheap, abundant, innocuous semiconducting materials
into practical devices is necessary to contribute to the former challenges.
Although many semiconductors display outstanding optical, electrical, or
magnetic properties, they often lack three necessary characteristics. In other
words, they are expensive, scarce, or have high toxicity levels. Thereon, nano
Zn0O-based materials with inherent properties and advantages have prompted its
application in multiple areas including photocatalysis, detection, and gas sensing.

Photocatalytic hydrogen production

Currently, environmental remediation, which includes wastewater treatment (e.g.,
dyes, pesticides, detergents), CO2 reduction, and the solar-driven production of
energy vectors3-41, is a response to rising energy demand, industrialization, and
modern consumer habits (Figure 2-1 (a)). In pursuit of these goals,
heterogeneous photocatalysis is recognized as one of the most promising
candidates. The photocatalytic process is broadly defined as accelerating a
chemical reaction in the presence of a semiconductor (photocatalyst) and light
without the photocatalyst directly participating in the chemical reaction. It begins
with the generation of electron-hole pairs through the absorption of photons with
energies greater than the semiconductor's bandgap. After the generation of
charge carriers, these can either recombine (resulting in the loss of energy as
heat or light) or participate in charge transfer processes (oxidation/reduction) with
molecules adsorbed on the semiconductor. Both redox reactions can occur within
the surface: the reduction of electron acceptor species when the reduction
potential is less than the energy of the CB (conduction band) and the oxidation of
electron donor species when the potential is greater than the energy of the VB
(valence band). In aqueous media, these redox reactions can also form radical
(e.g., °OH, °0O2) and ionic (e.g., OH-, HO2) species that are highly effective in the
degradation of polluting compounds and microbial agents in water cleaning
applications*2-4°,

Since Honda and Fujishima discovered photocatalytic hydrogen production in
19724, it has been regarded as a desirable alternative for generating the carbon-
free energy vector. Indeed, this would contribute to addressing the current
environmental crises associated with fossil fuel consumption* (Figure 2-1 (b)).

In recent years, multiple semiconductors have been tested in the photocatalytic
hydrogen evolution reaction (HER), including TiO2, CdS, CusS, and Fe203, which
sometimes exhibit higher photocatalytic activity than ZnO itself. However, new
and simple methodologies to obtain ZnO nanostructures with enhanced optical
and electric features, a large surface area to volume ratio, low cost, and scalability
for mass production greatly encourage its continual development*’48,

Due to their ease of crystallization, anisotropic growth, electron mobility (200-
1000 cm?V-1st), and chemical tunability>, 1DZnO have been used in
photocatalytic HER.
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Figure 2-1. (a) Map showing global energy dependence on fossil fuels*. (b) Diagram
showing energy generation processes from hydrocarbon combustion (blue) and for the
generation of carbon-free energy carriers such as hydrogen (yellow). (c) Photocatalytic
hydrogen production mechanism using ZnO as photocatalyst. (d) Band edge positions
of some semiconductors in relation to the energy levels of various redox reactions®°.

The semiconductor requires a band gap of at least 1.23 eV in a 0-pH solution and
illumination of 1008 nm to produce the photocatalytic generation of hydrogen via
water splitting. H* ions are the electron-accepting species in photocatalytic
hydrolysis, while OH- hydroxyl ions are the donor species (Figure 2-1 (c)).
Therefore, the positions of the ZnO valence band (VB = +2.7 V) and conduction
band (CB = -0.33 V) relative to the standard hydrogen electrode (NHE) are
suitable for the photocatalytic production of hydrogen through the water splitting
reaction (Figure 2-1 (d)). The photocatalytic procedure is defined by the reactions
listed below:

Photoexcitation: ZnO + 2 hv— 2 e +2 h*
Oxidation: H20+ 2 h*— 1/2 Oz +2 H*
Reduction: 2H*+2e — H2
Net reaction: H20 +2 e +2 h*— H2 + 1/2 O2

The photoexcitation reaction on ZnO generates a charge carrier pair, consisting
of an electron (e”) and a hole (h*). The photogenerated holes then oxidize water,
resulting in the production of protons and molecular oxygen. Simultaneously, the
electrons initiate a reduction reaction of the protons, leading to the generation of
molecular hydrogen. Consequently, in the presence of a photocatalyst, the net
reaction produces both hydrogen and molecular oxygen from water. The primary
photocatalytic limitations of ZnO are its high electron-hole recombination rates,
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low visible light absorption (3-4% of the solar spectrum), and photostability®*.
Therefore, numerous strategies have been implemented to improve the
photocatalytic performance of ZnO nanostructures in the visible spectrum?®2,

Semiconductor coupling (heterojunctions), non-metal/metal doping, sensitization
with organic materials, and noble metal deposition stand out among the most
frequently reported approaches®3-’. These former strategies will have mainly the
following effects: modifying the band gap, shifting the absorption range towards
the visible, and trapping charge carriers. Yet, these approaches frequently result
in the emergence of new obstacles to overcome, as undesirable side effects such
as the formation of trap states, interface imperfections, and electronic retro
injection to the sensitizer dye tend to emerge. Thus, reducing carrier mobility and
negatively impacting the photocatalytic performance of the system. In this regard,
the specific built-in potential gradient of axially confined ZnO nanomaterials for
enhanced exciton separation is currently being studied®®. It has been reported
that rapid electron transport along the structure's central axis improves the charge
carrier collection time. Contrarily, a scattering effect is observed at the grain
boundaries of polycrystalline films, which drastically reduces the device's
performance. So, monocrystalline 1DZnO structures are desired as they contain
few electron trapping sites®. Also, the Fermi level introduction by metallization of
the semiconductor, which is typically lower in energy than the conduction band of
a semiconductor, has been identified as one of the possible approaches to
enhance charge separation. This method allows electrons to move toward the
noble metal while holes can remain in the valence band®®. This mechanism can
cooperate with the surface plasmon resonance effect to produce plasmonic
photocatalysis®®>6%.61 Consequently, the practical implementation of Au and Ag
NPs in materials such as TiO2%? and Mo0S2%® has been associated with an
increase in HER.

For this reason, ZnO-based nanostructures offer a non-toxic, sustainable, and
cost-effective alternative to produce hydrogen via photocatalytic mechanisms as
the development and search for tailored catalytic materials continue.

CO2 gas sensing

Currently, the deployment of gas sensor technology is crucial for achieving a fully
sustainable society, environmental protection, and the assurance of well-being®-.
For instance, numerous studies have emphasized the impact of various air
pollutants on human health and the ecosystem, including H2S, NOy, Oz, CO, and
certain volatile organic compounds®>%. Among the noxious species, CO: is one
of the most significant worries. For this reason, the availability and development
of novel platforms for its efficient and selective detection are crucial to maintaining
quality living conditions. CO2 gas sensing technology could also benefit the
biomedical, agriculture, shipping, mining, and food packaging industries.
Microelectronic gas sensor systems were created in the past, but their limitations
prohibit them from archiving sensitivities in the range of sub-ppm concentrations.
For this reason, transducing materials within the nanoscale are employed to
detect analytes with high sensitivity®7.68,
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Multiple metal oxide nanostructures (e.g., TiO2, WOs3, and SnO2) have been
utilized to detect CO2%°. Nonetheless, ZnO stands out due to its absorption and
electrical characteristics, which result in an effective surface transduction
response to the target gas contact’®. In 1962, a ZnO thin film became the first
material reported to modify its resistivity owing to the contact with a gaseous
phase (Figure 2-2 (a-b))’t. ZnO is a viable material for using as a gas-sensing
layer due to its mass-scalable production methods and high sensitivity, which is
equivalent to the performance of commercially available materials. ZnO is the
second-most-researched metal oxide semiconductor used as a resistive gas
sensor.

aaaaaaa atomic structure ¢

Q90000009 9 o0
ZnO (002)
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Figure 2-2. (a) Chemiresistive gas sensor material where conductivity response to gas
adsorption is observed. (b) Mechanism of CO, molecule sensing on ZnO surface’?.

In addition, nanostructured ZnO significantly increases the system's surface area,
enhancing the material's adsorption properties. When included as recognizing
elements in gas sensing devices, 1DZnO nanostructures exhibit low detection
limits, sensitive and quick response, and good recovery times’3-81. This derives
from the high electron mobility along the structure's radial axis and the adjustable
sensitivity produced via surface engineering of the nanostructure (i.e., surface
defects and functionalization)®-84. Therefore, research into the sensing ability of
1DZnO materials towards CO: is still not near to being exhausted but remains to
be examined in depth. Currently, low defect density, high electron mobility, high
surface-to-volume ratio, porosity, and crystallinity are among the significant
characteristics impacting the chemoresistance of ZnO-based detectors.

Optical-based immunosensors

The COVID-19 pandemic has demonstrated that many present biotechnologies
must continue to advance to combat this and future health crises®. Thus, the
development of ergonomic, accurate, and user-friendly sensing devices for the
quick detection of numerous biological analytes and infectious agents (e.g.,
nucleic acids, cells, enzymes, proteins, virus and bacteria) is one of the main
objectives®. Even though standard techniques (biochemical and molecular
methods) are used to detect pathogens and expensive equipment/reactives, the
need for qualified personnel and processing times could become a constraint
when the demand for identification increases rapidly. In this context, biosensors
are sensitive and selective instruments for the identification of extremely low
quantities of biological analytes. A biosensing platform contains a layer of
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transducing material that transforms the chemical or physical interaction between
the analyte and the sensing layer of the system. Following the nature of the
transducer response, sensing devices can be categorized as acoustic,
piezoelectric, electrochemical optical, and photoelectrochemical (Figure 2-3 (a-
b))87—98.
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Figure 2-3 (a) Elements that make up a biosensing system: biological analyte of interest,
bio-selective element, transducer platform, signal processing system®. (b) Plasmonic
response optical biosensor for the detection of SARS-CoV-2 virus'®, (¢) 1DZnO
platforms for the immobilization of various biosensing agents.

Consequently, the development of more effective biosensing devices with
enhanced detection mechanisms are viable options that directly contribute to the
identification of present and emerging diseases in the medical, food, water, and
environmental sectors. Emerging biosensor devices have a positive outlook for
industrial and large-scale processing with acceptable error margins9:-195, so their
development has become the subject of intensive study. In addition,
advancements in the growing processes of nanostructures have marked a turning
point in the evolution of biosensing systems. The ability to generate
nanostructured materials with diverse morphological characteristics, adaptable
physicochemical properties, and high surface-to-volume ratios is vital for
achieving an efficient interaction with various biological analytes. The unique
properties of 1DZnO nanostructured materials make them ideal candidates for
biosensing applications. For example, the non-center-symmetric structure of ZnO
makes it possible to create a vast array of nano-morphologies from this material.
Thus, it has been reported that 1DZnO nano-matrices comprised of nanowires
and nanorods may be used to produce selective and sensitive biosensors®106.107,
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All these morphologies offer enhanced biosensing efficacy because of their
increased surface area compared to their bulk counterparts. In addition, its high
isoelectric point (9.5) enables the attachment of biomolecules to its surface as
well as the selective capture of analytes with a low isoelectric point. Their optical
sensitivity, piezoelectricity, low cost, and nontoxicity with the human body have
enabled their usage in biosensing platforms with lower detection thresholds.

The existence of surface plasmon resonance features and distinctive
photoluminescence in 1DZnO metal composites, for instance, has made these
systems suitable for optical biosensing'?. Yet, 1DZnO characteristics like
orientation, size, structure, density, and chemical surface modification must be
studied to develop efficient immobilization procedures for various biorecognition
components (Figure 2-3(c)). Diverse methods exist to produce efficient biosensor
devices. Consequently, the manufacturing process may be optimized on several
levels. Numerous studies have attempted to boost the sensitivity of biosensors
by the site direction of antibodies and/or the application of labels in the case of
immunosensorst®®, Other methods look for binding matrices suitable with very
sensitive signal responses (e.g., noble metal electrodes)11° The use of silane
as a coupling agent has shown to be a repeatable and generally recognized
strategy for producing sensor surfaces'?”111112 Most functionalization strategies
for ZnO platforms include silane treatments wusing APTES (3-
aminopropyltriethoxysilane) and APTMS (among others) 3-
aminopropyltrimetoxysilane)tt113.114  These apply to various ZnO
nanostructured materials.

In several of these instances, the association between the morphology of ZnO
surfaces and antibody immobilization effectiveness has not been fully explored.
Therefore, an understanding of antibody functionalization methods on various
ZnO nanostructured morphologies might have direct implications for the creation
of improved biosensors for the sensitive and accurate detection of important
pathogens such as Escherichia coli (E. coli). This might aid in immobilizing
biorecognition components and using low antibody concentrations for a single
and precise detection response.

Thus, the present study comprehensively investigates the synthesis of 1DZnO
materials using the metal catalyst assisted vapor phase growth technique. It
explores various parameters, including gas flows, temperature, pressure, mass,
and substrates, to establish the ideal operational conditions for producing ZnO
nanostructured coatings with versatile morphological, structural, and optical
properties. The study's outcomes enable the precise control over the orientation,
length, diameter, luminescence, and surface chemistry of the synthesized
nanomaterials.

Furthermore, the work examines the impact of the produced 1DZnO materials
properties on their performance in various applications, such as gas sensing,
biosensing, and photocatalytic hydrogen production. The results obtained in this
study aim to elucidate the optimal morphological and structural characteristics of
this class of nanomaterials, which can improve their performance and
implementation as transducer and catalytic platforms.
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Chapter IlI

Justification

Both globally and in Mexico, we face several issues that directly affect the
population's well-being, including environmental, energy, and healthcare issues.
Thus, the effective detection of high-impact diseases, the development of
systems for monitoring pollutant gases, and the production of energy vectors
whose consumption does not contribute to the emission of greenhouse gases are
crucial goals to achieve.

This project is justified by the country's fundamental need to promote and develop
materials that contribute to solving these problems. Therefore, it is necessary to
deepen the basic research on the synthesis and characterization of one-
dimensional ZnO nanostructures (1DZn0O), in such a way that guarantees the
obtaining of reproducible and adaptable platforms, for their application in the
photocatalytic production of hydrogen, CO:2 detection as well as for the
development of platforms for optical biosensing of E. coli.

Objectives

General Objective

To obtain different morphologies of 1DZnO nanostructures by the metal-assisted
vapor phase growth technique for their application in photocatalytic hydrogen
production, CO2z gas sensing and immunosensing devices.

Specific Objectives

e Optimize the growth parameters in the vapor phase technique to obtain
homogeneous 1DZnO nanostructured films.

e Extensive characterization of morphological, optical, and compositional
properties of 1DZnO platforms by SEM, TEM, AFM, UV-Vis, XRD, PL,
TRPL, FTIR, EDS, and XPS characterization techniques.

e Determine the morphological role of 1DZnO materials over their
photocatalytic performance towards hydrogen evolution reaction from
water splitting.

e Implement different 1DZnO coatings into chemo-resistive sensing systems
for CO2 gas detection.

e Develop a bioreceptive functionalization methodology of 1DZnO to
integrate them in E. coli optical immunosensors.
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Chapter IV Experimental methodology

Sample preparation

One-dimensional ZnO nanostructures (1DZnO) were synthesized by a metal
catalyst-assisted vapor-phase growth technique. Electronic-grade crystalline
silicon wafers (<100> orientation, n-type, conductivity 75-125-Q cm) were used
as substrates for the ZnO nanostructures. These substrates were coated with
ZnO and ZnO: Al thin films to function as a buffer layer (seed layer) between the
substrate and the nanostructured metal oxide matrix. Experiments were also
performed in which the deposition of such seed layer films was omitted, and the
nanostructures were synthesized directly on the silicon surface. Subsequently,
all substrates were coated with Au thin films to function as a metal catalyst during
growth. The growth process was carried out in a tubular furnace using a quartz
boat to place both precursors and substrates. The reactor configuration allowed
control over parameters such as temperature, pressure, precursor species, gas
flow, and position of the substrates during the synthesis processes. The variation
of these parameters allowed modulation of the nanostructured ZnO morphologies
obtained. The main stages of the metal catalyst-assisted growth mechanism
(VLS) are illustrated in Figure 4.1. A detailed description of the different steps in
the fabrication of one-dimensional ZnO nanostructures is given below.

e Zn vapor ee Oxygen
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(COD 96-901-3045) ”  E—— .o
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Annealing VLS growth

Catalyst nucleation
Figure 4.1 Graphical representation of the experimental process to obtain one-
dimensional ZnO nanostructures. The main stages of the VLS growth mechanism are
represented (i.e., metal catalyst nucleation, diffusion of the vapor species, and
anisotropic nanowire crystal growth).

The synthesis and characterization experiments of 1DZnO presented in this work
were carried out in the MAVER/de-nano laboratory (Low Dimensional Materials
Department) and characterization laboratories of the Materials Research Institute
(1IM) of the UNAM.

Seed layer preparation

Aluminum-doped ZnO and ZnO thin films were deposited by USP and sputtering,
respectively. In both cases, <100> crystalline silicon substrates were used. The
silicon substrates were cleaned using ultrasonic baths in deionized water,
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trichloroethylene, acetone, isopropanol, and HF:HNO3:H20 solution (1:10:100).
After each cleaning step, the samples were dried with pressurized nitrogen.

ZnO thin film

The deposition of ZnO thin films on silicon substrates was carried out using a
magnetron sputtering system (Intercovamex®). A commercial ZnO
PLASMATERIALS® target (2" diameter x 0.125" thick) and a target-substrate
distance of 4 cm were used for the cathodic erosion process. High vacuum
condition (base pressure 9.3 x 10 mbar) was achieved using a mechanical and
turbomolecular pump arrangement. Ar (99.999%) was used as the working gas
at a flow rate of 30 sccm to achieve a working pressure of 1.2 x 102 mbar. The
control of the gas injection flow rates was carried out using a Bronkhorst® Mass
Flow controller. The plasma was activated with a power of 40 W during the 60
min growth of the films.

ZnO: Al thin film

Al-doped ZnO (AZO) thin films were obtained using the ultrasonic spray pyrolysis
technique. An 85 % methanol / 15% distilled water solution with 0.1 M
concentration of zinc acetate dihydrate (C4H1006Zn*2H20) and 4.45 % atomic
concentration of aluminum acetylacetonate (Al(CsH70O2)3s) was used as a
precursor for the pyrolytic reaction. The precursor solution was homogenized with
a magnetic stirrer at room temperature for one hour. A nebulizer was used to
volatilize the species and then to bring them to the surface of the substrates using
air flows (thrust: 2.563 I/min, director: 0.642 I/min) into the synthesis chamber. To
carry out the pyrolytic reaction on the surface of the silicon substrates, they were
placed in a tin bath at a temperature of 475°C. The deposits had a duration of 17
minutes.

Au catalyst deposition

After the deposition of ZnO and AZO thin films, the samples were coated with a
4 nm film of gold. A DC sputtering system (Cressington Scientific) and an Au Ted
Pella® target (57 mm diameter x 0.1 mm thick) were used for the deposition of
the catalyst layer. With this equipment, a base pressure of 0.075 mbar was
achieved, and then an Ar flow was introduced until a working pressure of 0.100
mbar was obtained. The plasma was generated with a current of 20 mA at room
temperature. Piezoelectric quartz crystals were used to estimate the thickness of
the film deposited. The duration of the process was 20+2 s. As an optional step
and to evaluate the nucleation effect of the Au thin films, some samples were
subjected to a heat treatment at a temperature of 900°C in an inert Ar atmosphere
before VLS growth.
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Figure 4 2. a) Photograph showing the experimental arrangement for obtaining 1DZnO
nanostructures. b) Schematic of the high-temperature reactor for the fabrication of ZnO
nanostructures. The production of gaseous precursor species from solid materials and
their subsequent displacement to the substrate surface using transport flows is observed.
¢) Conceptual map showing the main variables involved in the VLS growth process of
1DZn0O materials.

Vapor phase growth of 1DZnO materials

Subsequently, after plating the substrates with the gold catalyst film, vapor-phase
growth of the one-dimensional ZnO nanostructures was carried out. The
synthesis of the nanostructures was performed using an Intecilab® high-
temperature tube furnace, as shown in Figure 4-2 (a). Figure 4-2 (b) shows a
schematic of the interior of the reactor, where quartz containers inside the furnace
are shown in orange and yellow. In one of the bays (yellow), the previously
prepared substrates (ZnO/Au, AZO/Au, Si/Au) were placed, while in the other
(orange), a 1:1 (mass: mass) mixture of ZnO:C powders were placed to generate
gaseous Zn species through a carbothermal reaction at high temperatures. It is
also noted that the injection of the carrier gases was connected to one end of the
tube, controlled by a Mass Flow system. A mechanical extraction pump and a
valve to modulate the working pressure of the synthesis were placed at the other
end. The quartz vessels were positioned in such a way that the vapors produced
by the precursors were displaced to the substrate surface in the same direction
as the carrier flow (downstream configuration) or against it (upstream
configuration).

Once the samples were placed, and the reactor was sealed, a purging process
was carried out using a flow of 30 sccm of Ar. Subsequently, the heating curves
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were started at atmospheric pressure. Once the desired synthesis temperature
was reached, the working pressure was set, and the reactive gases were
introduced. The growths had a duration of 60 min. Figure 4-2 (c) shows a
conceptual map illustrating the main variables involved in the growth mechanisms
in metal catalyst-assisted vapor-phase synthesis. These, in turn, define the
morphological nature of the ZnO materials obtained. The parameters varied
during the synthesis experiments are presented in Table 4-1.

Table 4-1. Growth conditions for obtaining different 1DZnO morphologies by vapor
phase growth technique.

Precursor’s temperature 900, 950 °C

Working pressure 3.5, 30, 780 mbar

Flow Gas Ar, Ar+O2

Ar Flow 36, 71, 500 sccm

O2 Flow 0,1, 0.2, 10 sccm
Precursors mass 200,300 mg

Position Upstream, Downstream
Substrate ZnO/Au, AZO/Au, Si/Au
Previous heat treatment 0,1

Sample characterization

Different techniques were used to characterize the morphological, structural,
optical, and electrical properties of the 1DZnO materials obtained. Scanning
electron microscopy (SEM), transmission electron microscopy (TEM), and
scanning transmission microscopy (STEM) images were used to observe the
morphological characteristics of the samples. The micrographs were obtained
using JEOL JSM-7600F, LEICA Steroscan 440, JEOL ARM200F, and JEOL
JEM-201 microscopes. Some samples were prepared for electron microscopy
with a focused ion beam (FIB) JEOL JEM-9320FIB equipment (gallium source
and a voltage of 30kV). A Nanosurf Naio atomic force microscope (AFM) was
used in tapping mode to study the topography of the materials obtained.
Additionally, Rigaku Ultima IV equipment was used in its grazing beam
configuration (GIXRD) to determine the crystalline structure of the nanostructured
films obtained.

To study the optical properties of the obtained systems, UV-Visible spectroscopy
and photoluminescence techniques were used. The UV-Vis specular
measurements were carried out with Filmetrics F10-RT-UV equipment using
deuterium and halogen lamps as excitation sources. Diffuse reflectance
measurements were performed with a Cary UV-Vis-NIR spectrometer with an
integrating sphere. On the other hand, photoluminescence spectroscopy
measurements were performed with a Kimmon Koha He-Cd laser (325 nm, 20
mW) as an excitation source and an Acton SpectraPro 2500i spectrometer as the
detection system. Time-resolved photoluminescence (TRPL) spectra were also
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measured using a Horiba Nanoled-250 pulsed source (1ns, 1-2pJ/pulse) with a
wavelength of 375 nm.

X-ray photoelectron spectroscopy (XPS) and Fourier Transformed Infrared
(FTIR) spectroscopy were used for the chemical characterization of the samples.
The XPS spectra were obtained with an XPS PHI 5000 VersaProbe I
microscope, while the FTIR spectra were measured with Bruker Vertex 70
equipment.

Samples applications

After the characterization of the obtained ZnO nanostructures, the performance
of the platforms was evaluated in CO:2 sensing, photocatalytic hydrogen
production, and E-coli optical biosensing applications. The experimental
procedures and characterization techniques employed for these applications are
described below.

Photocatalytic hydrogen evolution reaction

The photocatalytic flm samples were put in water containing a combination of
Na2S (0.35 M) and Na=S0s3 (0.25 M) as a hole scavenger agent. Afterward, thirty
minutes of nitrogen bubbling were used for degassing the reactor. For the time-
course kinetic studies, a 300 W Newport Xenon light source (Model: 6258,
Ozone-free) was employed as an irradiation source. To discard thermal
contributions to the reaction's catalytic performance, the lamp was cooled by
water passing through a metal jacket. Each experiment was conducted at
atmospheric pressure. The gas analysis was performed using a gas
chromatograph (Bruker 450-GC) augmented with an Ar flow and a thermal
conductivity detector for H2 detection. For GC calibration, a standard gas sample
with a constant concentration of hydrogen was employed. It was not possible to
quantify Hz in water, so it was ignored in the performance computations. As a
control experiment, it was corroborated that in the absence of ZnO photocatalyst
thin films, a combination of water/Na2S/Na2SOs cannot produce Hzunder A > 295
nm light radiation. Further photo deposition platinization of the 1DZnO materials
was carried out using an eight wt. % H2PtCls in 2uL H20 solution*®,

The photocatalytic tests were carried out in collaboration with the University of
Liverpool and Strathclyde.

COz2 gas sensing

Silver contacts were deposited over obtained 1-D ZnO nanostructures using
commercially available conductive silver printing ink (Dyesol® DYAG100 -Sigma
Aldrich) for gas sensing experiments. After that, all samples were heat treated for
two hours at 120°C to eliminate all residues and achieve ohmic contact between
the sensor layer and silver electrodes.

This is required to guarantee that resistance changes are independent of contact
interface features. Next, a homemade gas detecting system was used to test
each of the films in varied concentrations of carbon dioxide, namely 1, 10, 50,
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100, and 200 parts per million (ppm). The system comprises a 0.8 L chamber
with an integrated ceramic heater to control the sensing measurement
temperature and two resistance probes linked to a Fluke 289 Multimeter to
monitor dynamic sensing responses.

After placing each sample in the chamber, a mass flow controller was used to
purge the chamber with various carbon dioxide concentrations to dynamic
response curves. All sensing measurements were conducted at 250°C, where
resistance changes were recorded at temperatures lower than 250°C. It is
important to note that the reaction and recovery durations are determined by
factoring in the corresponding 10 to 90 % change in the dynamic response curve.

Using the following equations, gas sensing parameters such as Sensing
response (Srx), the Response time (Trs), and Recovery time (Trec) were
computed for each concentration from the dynamic responses.

Sr= (Rg- Ro)/ Rg* 100
Tres=Tsat - To
Trec= Tt — Tsat

Rg and Ro represent the resistances in the presence of carbon dioxide and air,
respectively. To, Tsa, and Tt represent the starting, maximum, and termination
periods of the dynamic response curve, respectively. A schematic of the
experimental setup used to measure the response of 1DZnO materials to CO2 is
presented in Figure 4-3. The CO:2 sensing tests were carried out in collaboration
with the Universidad Nacional Autonoma de Hidalgo (UAEH).

Substrate
Holder

Mass flow
controller

Data
Acquisition
System

Figure 4-3. Diagrammatic illustration of the experimental set up of the CO; gas sensing
unit.
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E. coli optical biosensing layer

Process 1. For the development of an optical biosensing layer on 1DZnO
nanostructured coatings, the first step consisted of activating the semiconductor
surface using KOH/H20 solution for 30 minutes. After the hydroxylation of the
surface, the samples were raised with water and then silanized in a 3% APTMS
(3-aminopropyltrimetoxysilane) solution in acetone for 40 min. A prior thermal
treatment at 110 °C for 90 min allows the polymerization of the APTMS layer.
Subsequently, immobilization of anti-total E. coli antibodies on 1DZnO/APMS
surface was carried out. For this, a 100 pg/mL antibody solution in PBS
(Phosphate-buffered saline) at 4 °C for 60 min. Consecutive washes with PBS
ensured the correct fixation of the biorecognition agents.

Process 2: With the results obtained by process 1 described above, we
proceeded to select a specific 1DZnO morphology and to improve the
biofunctionalization procedure employed. Thus, hydroxylation was carried out
using a 0.1 M solution of KOH in methanol for 10 min. After that, the samples
were washed with methanol and silanized with three different methodologies. The
methodologies are described in Table 4-2.

Table 4-2. Improvement of functionalization strategy for the selected 1DZnO
morphology.

Strategy Silanization conditions Contact time
Ac20 1% APTMS solution diluted in (CHs)2 CO 20 minutes
Ach 1% APTMS solution diluted in (CHs)2 CO. 5 minutes

1% APTMS solution diluted in anhydride 10 minutes

Tol
toluene

All samples were then washed using acetone and annealed at 110°C for 90 min.

Then, anti-flagella E. coli antibodies were attached to the 1DZn/APTES surfaces
(Ac, Ac5, Tol) using a 30 pug/mL antibody solution in PBS (4 °C for 60 min). Three
subsequent PBS washes (5 min each) were used to reduce unspecific IgG
adhesions.The Bradford method was used with BioRad Bradford protein assay
to quantify the antibody immobilization efficiency in a Thermofisher Scientific
Multiska GO Microplate spectrophotometer. For further details in the
methodology please refer to Salinas. et. al.''%. The biofunctionalization tests were
carried out in collaboration with Centro de Investigacion en Biotecnologia
Aplicada (CIBA)-IPN.
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Chapter V. Results: Sample obtention

Seed layer preparation: ZnO and AZO thin films

The thin films that were deposited on silicon substrates by sputtering and USP
techniques are shown in Figure 5-1 (a-f). Panel (a) shows a photograph of the Ar
plasma used to perform the erosion of the ZnO target. The deposition plate can
be seen in the top part of the chamber. Systematizing the working conditions,
obtaining ZnO thin films with a thickness of 117+5 nm (determined by
morphological analysis of cross-section SEM micrographs) as a homogeneous
coating on the whole substrate surface was possible. Figure 5-1 (b-c) shows the
scanning electron micrographs of the deposited ZnO films. The surface is made
up of grains of similar sizes to each other. In addition, no important differences
are observed in the contrast of the secondary electron image, so it is valid to
assume that there are no abrupt variations in the roughness. On the other hand,
the system used to obtain AZO-type seed coatings is shown in Figure 5-1 (d).
Homogeneous coatings of 650+30 nm were obtained with this system. The grains
of the film surface was observed by scanning electron microscopy images, where
it can be observed that the grain size obtained is larger than those of the films
synthesized by sputtering. It can also be seen that the morphology of the grains
is different for each technique. Those obtained in the USP samples show edges
associated with a better crystallinity, in contrast to the rounded grains of the
sputtering samples related to a more amorphous character.

t=117+5nm

Figure 5-1. (a) Photograph of the deposition plasma for obtaining ZnO thin films by the
sputtering technique. (b-c) SEM micrographs showing the morphology of the samples in
(b) cross-section and (c) top view. (d) Photograph of the USP equipment for the growth
of AZO films. (e-f) Scanning electron microscopy images of the synthesized AZO films
in (e) cross-section and (f) top view.

GIXRD measurements made it possible to determine the crystalline structure of
the synthesized films. The diffractograms of the coatings obtained by both
synthesis techniques are shown in Figure 5-2 (a). In the two cases, the crystalline
system's identification coincided with the wurtzite phase of ZnO (ICSD-193696).
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The AZO films show a polycrystalline character in which the crystalline planes
(100), (002), (101), (102), (110), and (103) are identified, with (101) having the
highest relative intensity. In contrast, ZnO coatings deposited by sputtering show
a preferential orientation presenting peaks (002) and (103) only. The peaks in the
latter samples show a considerable broadening due to the reduction of the
crystallite size (higher degree of amorphism), which is consistent with the
observations made through electron micrographs. It is also possible to distinguish
a shift between the positions of the peaks towards higher values of the Bragg
angle of the AZO samples with respect to the ZnO films because of the effect of
doping with Al atoms.
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Figure 5-2. (a) X-ray diffractograms in grazing incidence mode, (b) photoluminescence
spectra, and (c) specular reflectance spectra of synthesized AZO and ZnO samples.

Figure 5-2 (b) shows the photoluminescence spectra of ZnO films with and
without doping. The spectra are very different, observing the presence of an
emission in the UV region for the AZO samples and a broad band in the visible
region for the ZnO samples. The emission process is due to excitonic band-band
recombination when the emission is centered in the UV region. On the other
hand, the ZnO-based films present an emission in the visible region which is
attributed to recombinations with radiative centers generated within the band as
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a result of point defects in the ZnO structure (e.g., vacancies, interstitials,
antisites). The fundamental difference between the optical properties of the two
types of coatings lies in the reactive and thermal conditions under which the
samples are synthesized. In the case of the USP technique, the high temperature
and the presence of an oxygen-rich atmosphere inhibit the formation of point
defects in the ZnO lattice.

On the contrary, the inert atmosphere and low-temperature conditions of the
sputtering system allow the formation of imperfections responsible for the visible
emission of the material. Figure 5-2 (c) shows the obtained specular reflectance
spectra of the coatings. As can be seen, there is also a significant difference
between the optical properties of the two systems. From the number of local
maxima present in the spectra, it is possible to state that the thickness of the AZO
films is greater than that of the ZnO films. Using the Kubulka Munk model, values
for the optical band gap of the samples were determined, obtaining results of 3.2
eV and 3.4 eV for the AZO and ZnO samples, respectively.

Metal catalyst deposition

Once the seed layer thin films were obtained, a series of studies of the optical
and morphological properties of the metal catalyst used was performed. Due to
the scalable nature of the sputtering process with respect to that of the USP
system, the seed layer-catalyst studies were completed using only ZnO films.
Figure 5-3 (a) shows a photograph of the DC sputtering equipment that coats
substrates with Au thin films. As discussed in the experimental section, polished
silicon and ZnO-coated silicon substrates were metalized. Figure 5-3 (b) shows
a SEM image of ZnO films with the Au catalyst layer. From the contrast of the
image, it is possible to state that a homogeneous coating of the semiconductor is
obtained with the deposition conditions used in this work. Subsequently, some
samples were subjected to a thermal treatment at 900°C before the 1DZnO
growth to study the effect of thermal treatments on the catalyst nucleation. In this
way, Au nanoparticles (AuNPs) of quasi-spherical morphology with diameters of
(55+17) nm were obtained on the substrates coated with ZnO films (Figure 5-3
(c)). When the catalyst deposition was performed directly on Si substrates, the
AuNPs obtained presented a diameter of (45£13) nm (Figure 5-3 (d)).

Likewise, specular reflectance spectra were measured at the different stages of
incorporation of the metal catalyst on the different substrates used (Figure 5-3 (e-
f)). The first of these graphs shows the changes in reflectance generated by
different Au morphologies on ZnO-coated substrates. A blue shift of the minima
of the reflectance curves associated with absorption maxima is observed as one
goes from ZnO->ZnOAu film->ZnOAu NPS. This kind of behavior originated from
a resonance process of the Au plasmon and presented a strong absorption in the
green region of the visible spectrum. The same phenomenon is presented in
samples where Au is deposited directly on silicon substrates. In these systems,
the 520-550 nm Au plasmon band is observed for the SiAu (film) sample. The
reflectance of the SiIAu(NPs) system with respect to SiAu(film) is increased due
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to the direct Si substrate surface exposure, which has a considerably higher
reflectance than the catalyst film.
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Figure 5-3. (a) DC sputtering equipment is used to obtain Au catalyst films. (b) SEM
micrograph in top view showing the homogeneous metallic coating of ZnO
semiconducting surface. (c-d) Catalyst nucleation process on (c) ZnO-coated substrates

and (d) Si wafers. (e-f) Specular reflectance spectra of both metalized semiconductor
substrates.

Vapor phase growth of 1D nanostructures

With all these considerations regarding the preparation of the substrates, a series
of experiments were carried out to obtain 1DZnO nanostructures with particular
emphasis on controlling the morphological, structural, and optoelectronic
properties. Figure 5-4 shows some of the different morphologies obtained by the
metal catalyst-assisted vapor phase growth technique. The radar graphs
schematizing the synthesis conditions used to obtain the morphologies shown in
the corresponding micrographs are also presented in Figure 5-4. The numerical
assignment in the graphs responds to the following numerical code: Position (1:
upstream, 2: downstream) and Substrate (1: SiAu(film), 2: SiAu(NPs), 3:
ZnOAu(film), 4. ZnOAu(NPs), 5:AZ0O). The working conditions are also
summarized in Table 5-1.

Hence, it is possible to observe the versatility offered by the technique in terms
of control over morphological parameters of 1DZnO materials such as orientation,
length, diameter, and even the simultaneous formation of 2D structures at the
base of the 1D nanostructured matrix (1DZnO_4). In all cases, the obtained
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platforms offer a considerable increase in terms of surface area compared to thin
film materials. The conditions explored during the development of this project
have allowed the obtaining of coatings conformed by 1DZnO structures with
lengths ranging from 0.7 um to 20um and with diameters ranging from 39 nm to
150 nm.

I 1DZn0_1 1DZn0O_2 ~1DZn0O_3

Pressure (mbar)
1000

Position

2

Substrate

300
Mass (mg) Flow O2 (sccm)

[ 1DZn0_4

Figure 5-4. Different morphologies of one-dimensional ZnO nanostructures obtained by
the metal catalyst-assisted vapor-phase growth technique. Scanning electron
microscopy micrographs show varying working conditions' effects on ZnO
nanostructured materials' length, diameter, and orientation. Radar plots illustrate working
conditions used for synthesizing different morphologies of 1DZn0O.

With high-resolution contrast images (backscattered electron signals), it was
possible to observe the presence of gold nanoparticles at the tip of the ZnO
backbone matrix. Later, by means of TEM electron diffraction the cubic gold
structure was also corroborated in tip of a single 1DZnO nanostructure. This fact
is strong evidence that the growth mechanism followed by the nanostructures is
a metal catalyst-assisted one. Furthermore, given the high temperatures at which
these experiments were carried out, the catalyst phase was in the liquid state.
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Given the phases' coexistence, the system's growing mechanism is also known
as vapor-liquid-solid (VLS). Hence, the control and study of the Au film and
nanoparticles used as seeds for the growth process play a fundamental role in
the morphological characteristics of the 1DZnO coating obtained.

Table 5-1. Growth conditions for obtaining different 1DZnO morphologies by vapor
phase growth technique. DS: downstream, US: upstream configurations.

Sample 1DZnO_1 1DZnO 2 1DZnO_3 1DZnO 4 1DZnO_ 5 1DZnO 6
Pressure (mbar) 30 780 780 30 3.5 30
Temperature (°C) 900 950 950 900 900 900
Flow Ar (sccm) 35.7 500.0 500.0 35.7 71.4 71.4
Flow Oz (sccm) 0.1 10.0 10.0 0.1 0.2 0.2
Mass (mg) 200 200 200 200 300 300

Substrate ZnOAu ZnOAu AZOAu SiAu SiAu_HT ZnOAu_HT
Position DS DS us us DS DS

One of the most important parameters for obtaining repeatable and controllable
1D morphologies of ZnO is the partial oxygen concentration in the growth
atmosphere. While the carbothermal reaction of the precursors causes volatile
Zn species to be generated, the presence of a slightly oxidizing atmosphere is
necessary for the formation of ZnO at the Au-ZnO growth interface. However, the
presence of an atmosphere with excess oxygen causes the total oxidation of
carbon in the ZnO: C mixture and thus inhibits the reduction process necessary
to produce gaseous Zn species. The operating window for this work was 2%
oxygen with respect to the Ar content in the furnace.

In addition, another implementation made to the reactor was the addition of a
pressure shutter. The improvement consists of employing a pressure reduction
so that the precursor species can increase their mobility rate and reach the
growth interface on the substrate surface. In this way, by operating with vacuum
conditions during the growths, it was possible to obtain homogeneous 1DZnO
coatings even in the upstream position and with flows up to 72 sccm, as shown
in Figure 5-5. In this last figure, we can observe the effect of varying the working
pressure and pressure during vapor phase growths using substrates with and
without the seed layer. With this series of experiments, it was possible to
determine that at too low-pressure conditions (3.5 mbar), the formation energy
for a vapor-solid-solid growth mechanism is reduced, thus leading to the
formation of two-dimensional ZnO structures (walls) simultaneously. These
results also provided evidence of the possibility of obtaining 1D ZnO
nanostructures of considerable length (10 um) directly on Si substrates without
the need of a buffer layer, which implies a significant reduction in the processing
times for the fabrication of this type of material.
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SiAu(NPs) and ZnOAu(film) substrates under different flow rates and working pressures
in the upstream configuration.

Figure 5-6 (a) shows the X-ray diffractograms measured in a grazing incidence
configuration. With these measurements, it was possible to identify that the
crystalline phases of the ZnO nanostructures correspond to a hexagonal system
(ICSD-193696) while the catalyst crystallizes in a cubic phase (ICSD- 611625).
The difference between the diffraction patterns depends on the orientation of the
structures with respect to the plane of the substrate, where it could be determined
that the presence of several planes of high intensity corresponds to the growth of
ZnO crystals in a disordered manner. On the other hand, the preferential
orientation for the (002) and (103) planes is a product of the growth of ZnO
crystals in a favored direction, resulting in highly aligned nanostructures.
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Figure 5-6. (a) X-ray diffractograms showing the different dominant planes obtained as
a function of the orientation of 1DZnO nanostructures. (b) A model describing the Bragg
condition between incident X-rays and the (103) / (002) planes. (c) TEM micrograph
showing compositional contrast of ZnO-Au interface. (d-e) HRTEM images showing
interplanar distances of (d) ZnO backbone matrix and (e) Au catalyst nanoparticle. (f)
Crystallite sizes calculated from the Debye Scherrer equation. (g) Box plots showing the
crystallite sizes determined for each of the studied samples.

It's worth noting that the high intensity of the (103) reflection in one of the
diffractograms shown in Figure 5-6 (a); it appears to imply that this plane has a

35



preferred orientation. Naturally, due to the employed grazing incidence setup,
reflections from crystal planes parallel to the surface must be avoided, and the
preferred orientation of the (103) plane may be in a direction other than normal
to the surface. To understand this orientation, one must consider the following
correlation: the angle between the (103) and (002) planes in the ZnO
nanostructure is 31.86, which is highly similar to the Bragg angle of the (103)
planes (31.54). As depicted in Figure 5-6 (b), the incident grazing rays are roughly
in the Bragg condition for the (103) plane when the (002) plane is parallel to the
surface of the substrate. In other words, detecting a high-intensity (103) reflection
in the grazing incidence setup corresponds to the parallel orientation of the (002)
plane with respect to the surface. Grazing incidence diffractograms can be used
to determine the preferred orientation.

The earlier observation regarding the preferential orientation suggests that
1DZnO (or a significant number of them) are vertical, with their axis parallel to the
surface. Therefore, the existence of additional peaks in the diffractograms is not
due to the polycrystalline nanostructure structure but rather to the orientation of
a portion of the single-crystal nanostructures in distinct directions.

Figure 5-6 (c) depicts a transmission electron microscopy image where the
contrast between the nanostructure's tip and the support matrix is visible. In this
regard, bright spots correlate to the heavier element (Au), whereas the dark areas
correspond to the lighter compound (ZnO). HRTEM images were used to later
support this claim. Near the growth interface, (002) ZnO (d=2.6 A, ICSD-193696)
and (111) Au (d=2.4 A, ICSD-611625) planes were revealed by Fast Fourier
Transform (FFT) analysis of these micrographs. Consequently, the tip is
composed of gold (cubic), whereas the support has a hexagonal ZnO structure.
The appearance of Au nanoparticles at the tip proves that the metal effectively
promoted the growth mechanism, hence favoring the production of 1DZnO
nanostructures in all samples.

Considering the FWHM (Full Width Half Maximum) values of the XRD diffraction
peaks in Figure 5-6 (a), the crystallite sizes were determined using the Debye
Scherrer equation. The resulting sizes were calculated for each sample based on
all the peaks observed. These results are displayed in Figure 5-6 (f). It is
noteworthy that although there is a slight variation in crystallite size among the
samples, no discernible distinction is evident in the sizes calculated for different
crystal planes within the same sample. This outcome is not expected, as the
confinement of the nanostructure would likely affect grain size differently across
various planes. Nevertheless, such an effect is only significant in ultrathin
structures, as demonstrated in the research conducted by Xiong et al*'’. In their
study, they report the production of ZnSe nanobelts measuring 5 nm in thickness,
where differential broadening between distinct crystalline planes is observed.

Hence, given that the diameters of the 1DZn0O nanostructures are in the range of
hundreds of nanometers, there is no substantial disparity in the broadening of the
peaks in the diffractograms (Figure 5-6 (g)). This finding aligns well with the
outcomes reported in other studies involving 1DZnO structures of comparable
dimensions to those explored in this research18-120,
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Figure 5-7. (a-b) Photoluminescence spectrum of 1DZnO nanostructures at room
temperature (Black). Deconvolution curves (color). Inset displaying NBE band in a
sample of 1DZnO grown without the use of seed layer. (c) Dynamic decay spectrum
measured at 3.3 eV. d) DLE transitions associated with emissions in different regions of
the visible spectrum?®?*,

To determine the optical properties of the systems, the photoluminescence of the
materials synthesized with and without the use of a seed layer (labeled in this
case as 1DZnO_za and 1DZnO_sa respectively) was measured (Figure 5-7 (a-
b). In both instances, two emission bands were observed. The first is located near
the edge of the ultraviolet spectrum and is linked to band-to-band recombination
(NBE: near band emission). The other is located in the visible region and has a
defect-related origin (DLE: deep-level emission).

The proportion between the intensities of such emissions is a valuable indicator
of the defect concentration in the produced nanostructures '2-123, Thus, in
circumstances where I(NBE)/I(DLE)<1, the major emission process can be
referred to as defect recombination. ZnO intrinsic imperfections such as
vacancies (absent Zn or O atoms), antisites (Zn->0 or O->Zn atoms inversion),
and interstitials (extra Zn or O atoms) are abundant. They have been
demonstrated to be accountable for some features of the material's
optoelectronic behavior!?*. Deconvolution of the PL spectra was done to explain
in detail the relationship between the distinct emission bands found in the
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samples and the related recombination centers (color curves Figure 5-7 (a,b)). In
both instances, Gaussian curves were employed to model the emission.
Affiliating the fitting curves with point defects described in the literature, zinc
vacancies (Vzn) and zinc interstices (Zni) were identified as material defects
associated with blue emissions (3.09, 3.02 eV)?>126_|n addition, single-charged
zinc vacancies (Vzn) and oxygen vacancies (Vo) were attributed to the cyan (2.56
eV)¥?” and bright green band emission(2.38 eV)?8, respectively. Lastly, the
yellowish green (2.19 eV) and orange (2.02 eV) emissions were correlated to
VoZni complex vacancy?® and oxygen interstice (0i)*?° in turn.

Moreover, employing time-resolved photoluminescence, the lifetimes of excitons
in the materials were measured (Figure 5-7 (c)). Based on the nature of the
decay, an exponentially decaying adjustment was applied. (I=Aexp(-
t/t1)+Azexp(-t/t2)+Azexp(-t/t3)). In samples prepared with the use of ZnO seed
layer, time decay constants of 11,=1.6+0.1 ns, 12,=101+7 ns, and t3,=1095+61 ns
(R?=0.95) were determined, whereas for samples grown directly over Si
substrates values of 11s=1.2+0.1 ns, 12s=209+46 ns and 13s=2014+969 (R?=0.96)
were calculated. It is generally known that decays in the range of a few ns are
related to free exciton radiative recombination'3°,

On the other hand, non-radiative phonon emission phenomena are responsible
for faster recombination rates (ps order)*®l. The carrier lifetimes determined in
this study are longer than those previously reported for comparable ZnO
nanostructures(0.26 ns ZnO nanorods!3, 0.35 ns ZnO tetrapods?®?). Because of
the high defect concentration in the lattice, the carrier radiative recombination
ratio of the semiconductor is increased. In addition, it was observed that the
radiative recombination process is size-dependent, implying that the lifetime rises
as the size grows!®, It is being reported that the thermal excitation mechanism
among sub-band-gap states can enhance the lifetime of ZnO materials to the
millisecond scale for moderate and slow decay (t2 and t3)*3*. A summary of the
opto-structural characteristics of the above-mentioned materials is given in Table
5-2.

Table 5-2. Opto-structural characteristics of 1DZnO nanostructured coatings
synthesized with and without the use of ZnO seed layer. Diameter, aspect ratio (AR),
dominant emission wavelength and time decay constant are shown.

Sample Diameter (nm) AR Amax (NM) 11 (NS)
ZnOAu(film) 152459 21.1+0.1 411+ 2 1.6+0.1
SiAu(film) 118452 12.740.1  521+2 1.2+0.1

Considering the above, control over the morphology and optical properties of 1D
ZnO nanostructures can be achieved through the presented synthesis technique.
Moreover, the tunable longitude, diameter, orientation, structure, and
luminescent features are significant and essential for their incorporation in
optoelectronic applications. As will be explored in the coming chapters, they
include photocatalytic hydrogen generation, CO2 gas sensing, and optical
biosensing development.
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Chapter VI Results: Photocatalytic hydrogen evolution

After gaining expertise in the vapor transport synthesis approach for obtaining
diverse morphologies of 1DZnO nanostructuress®, the influence of the
morphological and optical features of ZnO-based nanomaterials on the
photocatalytic hydrogen evolution reaction efficiency is described. Adjustment in
the synthesis method's growth parameters enabled optimizing the aspect ratio,
surface area, and orientation of the 1DZnO nanomaterials for stable and efficient
photocatalytic activity in the water-splitting process. The present section clarifies
the operating parameters (substrate temperature, seed layer, and the use of
diverse carrier gas mixes) required to obtain crystalline, morphologically
regulated, and pure 1DZnO nanostructures for improved water-splitting
efficiency. This work was published in the International Journal of Hydrogen
Energy (2020), doi: 10.1016/j.ijhydene.2020.08.247 (IF: 7.139), with the title:
Photocatalytic hydrogen production performance of 1-D ZnO nanostructures:
Role of structural properties3®.

Figure 6-1. C1-C5: SEM micrographs of 1DZnO nanostructures obtained by vapor
transport growth assisted by a metal catalyst. Light-field TEM images of single 1DZnO
nanostructure.

Figure 6-1 illustrates SEM micrographs of the 1DZnO nanostructures grown by
the vapor transport technique mentioned in previous sections. For these
experiments mechanism, a mixture 1:1 ZnO:C mixture was used for carbothermal
reduction in a 1:1 ratio using an Ar flow of 8.33x 10-® m3/s for 60 min at a pressure
of 780 mbar. A change in the morphology as a function of growth conditions can
be observed. The conditions for the obtention of such samples are presented in
Table 6-1. The resulting nanostructures grow primarily in two orientations, as
evidenced by SEM images. Samples Cl1 and C3 present many 1DZnO
nanostructures growing vertically (002 orientation), generating an almost 90°
angle with the substrate plane.

39


https://doi.org/10.1016/j.ijhydene.2020.08.247

In other words, homogeneous coatings of the substrate with vertical-orientated
1DZnO materials were obtained with these conditions.

Table 6-1. Growth conditions and structural parameters of the samples 1DZnO materials
obtained by vapor transport growth technique. Mono (M) and polycrystalline (P) AZO thin
films were used as seed layers.

Morphological parameters
Sample TI[°C] Oc2/Ar ratio Substrate D [nm] L [mm]

C1 950 ~2% AZO_M 57+16  2.77+0.51
C2 950 ~2% AZO_P 85+24  2.55+0.55
C3 950 <2% AZO_M 56+12  2.19+0.39
C4 950 <2% AZO_P 62+18 0.77+.25
C5 400 ~2% AZO _M - -

In some instances, 1DZnO structures also grow at an angle of around 65°. (C2
sample). The growth direction of the nanostructured ZnO matrix depends
epitaxially on the seed layer, where for the C2 sample, a polycrystalline AZO thin
film was used instead of a monocrystalline one (samples C1, C3, and C5). In
contrast to samples C1 to C3, sample C4 lacks the anisotropic crystallization of
ZnO, causing the formation of shorter nanostructures. These samples verify the
fundamental function of the O2/Ar mix ratio, which is used as a carrier gas during
the vapor transport process. By analyzing the kinetics connected with the Au
nanocatalyst, it is possible to understand the effect of O2 on nucleation
development. It is essential to note that neither solid nor liquid gold offers soluble
media for O2. Thus, diffusion of Oz to the growth Au-ZnO interface cannot occur
via the catalyst drop. The elevated growth rate at a higher partial oxygen pressure
is explained by a stable adhesion coefficient of the Zn atoms in the Au catalyst
and their subsequent oxidation to ZnO at the substrate interface. A steady
adhesion coefficient of Zn atoms in the gold catalyst and their subsequent
oxidation to ZnO at the growing interface is responsible for the increased growth
rate at a more significant partial oxygen pressure. The results of the
morphological statistical analysis performed on the SEM micrographs of samples
C1-C4 are shown in Table 6-1. Sample C5 features small structures whose
morphologies are not well-controlled, and distribution is not uniform across the
substrate's surface. This sample demonstrates the influence of the comparatively
low temperature during growth which impacts the kinetics of the nucleation®2.
Liguid metal catalysis cannot be induced at temperatures below 650 °C since Au
film cannot melt and permit the diffusion of Zn species to synthesize
1DZnO.Therefore, low-temperature samples must be produced through a VSS
(vapor-solid-solid) mechanism in which the Zn(g) species are adsorbed mainly
on the solid surface of the catalyst'®’. In this instance, the parameters utilized to
produce these samples did not permit the formation of a uniform nanostructured
coating; hence no statistical analysis of the morphology was performed.
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In the TEM micrograph shown in Figure 6-1, a distinct contrast between the tip
and axial support can be observed, so no significant dispersion of Au throughout
the structure can be expected. This kind of interface between a noble metal and
a semiconductor can decrease the probability of electron-hole recombination,
causing more proficient charge separation and, thus, increasing the
photocatalytic performance. Compared to the traditional metallization approach
in which metal deposition occurs after synthesis, the current growth technique
enables obtaining 1DZnO nanostructures with in-situ metal nanoparticles on their
tips. This finding encourages using the obtained materials in photocatalysis
applications such as hydrogen generation.

X-ray diffractograms of the distinct 1DZnO morphologies are shown in Figure 6-
2 (a). Features in the scanning electron micrographs (SEM) agree with those
obtained in the XRD spectra, namely, patterns characterized by a single
diffraction peak corresponding to the micrographs' highly oriented arrangement.
Despite the nanostructure growth, samples C1, C2, and C3 kept the dominating
(002) peak, which is associated with c-oriented crystal growth. Multiple
crystallographic orientations are visible in the pattern for sample C5, where the
substrate temperature was significantly lower than in other experiments. In this
case, the primary orientation is toward the (103) peak. The difference in the
number of peaks in the diffractogram indicates the shift from VLS to VSS in the
nanostructure's growth mechanism. In addition, a peak of gold is present in each
pattern, which corresponds to the metal catalyst used during the synthesis.
Although the growth parameters for samples C1 through C4 are similar, the Ar/O2
and seed layers differ significantly.

As depicted in Figure 6-2 (a), samples (C1 and C3) that grew highly aligned were
those for which monocrystalline (002) oriented AZO films were employed, hence
preserving preferential growth in this orientation. Instead, numerous oriented
1DZnO were formed in the C2 sample using a polycrystalline AZO layer. These
results demonstrate the epitaxial link between the nanostructure formed and the
seed layer employed. In contrast, a lower O2 concentration effect in the carrier
gas mixture was explored for samples C3 and C4, in which shorter structures
were obtained in either crystal-oriented AZO films. With these results, the effects
of epitaxial and chemical factors on the morphology of 1DZnO materials were
investigated.

Figure 6-2 (b) illustrates the reflectivity of 1DZnO samples. In ZnO materials,
absorption under 400 nm is ascribed to the intrinsic band-to-band electron
transition. As demonstrated in Figure 6-2 (b), samples with greater aspect ratios
(C1, C2, C3) exhibited a decreased reflection in the visible region. Due to their
more specular surface, samples C4 and C5 exhibit a greater reflectance than the
other three samples. Reflectance data suggests that the shape-dependent light
response of 1DZnO structures may lead to improved light trapping features and,
consequently, to enhanced photocatalytic activity. The observed oscillations in
samples C4 and C5, as opposed to C1-C3, may be attributed to their
heterogeneous nature or thickness, resulting in an interference behavior of the
reflectance spectra.
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Figure 6-2 (c) displays typical emission spectra of the different 1DZnO samples.
As formerly indicated, a strong emission between 450 and 660 nm can be seen,
which is related to deep-level defect recombination (DLE). PL emission in the
green region is commonly attributed to oxygen vacancies (Vo), i.e., electrons
recombine with photo-promoted holes occupying oxygen vacancies states in the
band gap of the material, resulting in the visible luminescence phenomena?,
Additionally, PL emission is influenced by other variables, including crystalline
nature, surface morphology, composition, and doping. The ratio between the
intensities of the near-edge excitonic (NBE) and DLE bands was determined to
estimate the contribution of the defect levels in the radiative process. Therefore,
I (NBE)/I (DLE) = 0.001 for the 1DZnO given in this work shows that DLE emission
greatly predominates over excitonic recombination.
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Figure 6-2. (a) GIXRD diffractograms of 1DZnO nanostructures (C1 to C5); (b) UV-
Visible reflectance spectrum and (c) PL emission of ZnO based 1D nanomaterials (C1
to C5).

The tailored defects occurring in semiconductors surface could be utilized as
especially active photocatalytic sites for reactions such as CO2 reduction, N2
fixation, and hydrogen generation (HER), according to earlier research®®. This
approach is referred to as defect engineering. By adding unsaturated defects,
specific molecule adsorption sites could be produced. Defect engineering is thus
a technology that holds promise for developing photocatalytic applications
besides water splitting.



Careful examination of the geometrical properties of the 1DZnO samples was
performed to correlate the morphological features with the photocatalytic reaction
performance. By calculating the volume and surface area occupied by the
nanostructures (according to their average diameter and length) per geometric
film surface, an estimation of the 1DZnQO's active mass on the samples was found.
The results are presented in Figure 6-3 (a).
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Figure 6-3. (a) (Left) Surface and (Right) volume of 1DZnO materials per geometric
substrate surface. (Inset) 1DZnO matrix estimated mass. (b) Evaluation of the
photocatalytic hydrogen production performance of 1DZnO films (red: without Pt
addition, blue: platinized) under 300 W illumination (A> 295nm) for 5 hours. (c) HER of
sample C2 under different spectral filters and both with and without the addition of co-
catalyst. (d) Hydrogen evolution reaction over time for co-catalyzed C2 sample under A
> 295 nm irradiation.

Next, when a hole scavenger agent was present, the hydrogen evolution reaction
from proton reduction of the 1DZnO materials was studied. The benefit of
retrieving the photocatalyst from the solution when using 1DZnO matrices
supported by solid substrates over commonly reported suspension systems could
be beneficial in upcoming scalable applications. In the addition of a Na2S/Na2SOs3
solution (hole-scavenger), all 1:DZnO materials generated hydrogen from water.

As shown in Figure 6-3 (b), under 300 W illumination and A> 295nm, sample C2
presented the best hydrogen production performance (0.53 pmol cm). The other
samples exhibited generation rates between 0.37-0.22 umol cm2. Without adding
a co-catalyst, no HER was observed in any of the materials under visible
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illumination. Therefore, after photo platinization of the systems, an improvement
in the water splitting reaction was reflected for all tests under broadband
illumination (1.21, 1.55, 1.10, 0.88, 0.85 umol cm?; for C1, C2, C3, C4, and C5
respectively. Figure 6-3 (b)). The performance trend with and without a co-
catalyst is comparable, where it was noted that the C2 morphology with the
addition of a co-catalyst presents the best HER efficiency under visible
illumination (0.02 pmol cm?) Figure 6-3 (c). Thus, it can be concluded that ZnO
coating nano structuration results are beneficial, as inhomogenus1DZnO films
(C5) present the lowest photocatalytic response. For structures with high form
factors (C1-C3), a better response is obtained for larger diameter structures. It is,
therefore, possible that the diameter and orientation of the ZnO matrix determine
the rate at which the excitons reach the semiconductor surface, as well as the
light-trapping properties of the system. Finally, to determine the stability of the
platinized C2 sample, the HER of the system was monitored for 50 hours under
broadband illumination. The results (Figure 6-3 (d)) show no significant changes
in the activity of the photocatalyst, thus corroborating the stability of the films used
in the H2 production reaction.
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Chapter VII. Results: CO2 gas sensing

This section describes a straightforward, cost-effective, and time-efficient method
for growing one-dimensional ZnO nanostructures (NWs/NRs) for use as a CO2
gas sensor. Furthermore, a comparison is made between the opto-structural and
gas sensors properties of 1DZn0O nanostructures grown both with and without a
seed layer and with two different gold catalyst thicknesses (2 and 4 nm). The
sensing properties of COz gas at varying concentrations were studied, and NWs
with a seed layer exhibited a relatively greater sensing response. In comparison,
no seed-layered samples (NRs) responded twice as fast. Direct growth of 1D ZnO
nanostructures on silicon wafers will facilitate their integration with conventional
fabrication techniques for gas sensing devices. The results presented in this
section were published in the Journal Sensors and Actuators: B. Chemical, Vol
337 (2021), doi: 10.1016/j.snb.2021.129765 (IF: 9.221), with the title: One-
dimensional Au-ZnO hybrid nanostructures based CO: detection: Growth
mechanism and role of the seed layer on sensing performance!4°,

The 1DZnO nanostructures were prepared using 2 and 4 nm Au catalyst films
deposited on USP-AZO films and directly on Si <100> substrates. The samples
are then categorized as 1D-USP (structures obtained using AZO seed layers
deposited by USP) and 1D-NSL (samples where no seed layer was used).
Furthermore, depending on the thickness of the Au catalyst film employed (4 / 2
nm), the samples were labeled as 1D-USP-Au2, 1D-USP-Au4, 1D-NSL-Au4, and
1D-NSL-Au4. The synthesis experiments were carried out at a temperature of
950°C and a pressure of 780 mbar. As a precursor, 200 mg of a ZnO:C mixture
was used in a 1-to-1 ratio. All materials were obtained in the downstream
configuration with an Ar/Oz flow of 500 sccm (2 % oxygen).

Figure 7.1 (a-b) shows SEM images of the 1D-USP and 1D-NSL samples
employing 4 nm catalyst films. Using similar images, it was possible to determine
the lengths and diameters of the synthesized nanostructures. When substrates
were coated with USP seed layers, the lengths were 2.63-4.52 um and diameters
of 39-87 nm for samples with 2 and 4 nm of gold, respectively. It can be
corroborated then that longer and thicker 1DZnO are obtained by using thicker
catalyst films. On the other hand, for samples with no seed layers (1D-NSL) were
employed, the length and diameter values determined were 1.96-1.59 pum and
56-85 nm for samples with 2 / 4 nm Au respectively.

It has been previously reported that the lattice mismatch between the substrate
and the nanostructure to be synthesized plays an important role in the
morphology obtained. In the particular case of ZnO and Si, the mismatch
corresponds to 41 % levtushenkoa et al. 141. Most of the works report the use of
thin buffer films between the two semiconductors. In addition, thermal oxidation
of the Si substrate to SiO2 has also been reported as a possible mechanism of
inhibition to the growth of 1DZnO nanostructures by reducing the availability of
epitaxial nucleation sites!42. Despite this, obtaining semiconducting ZnO
nanostructures on silicon substrates is of great interest as it would allow this type
of array to integrate in commercial optoelectronic devices.
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Some authors determine that an efficient relaxation of the growth interface
determines that the growth of the 1D structure becomes an energetically
favorable process. Thus, depending on the mismatch between the substrate and
the nanostructure, critical radii values are proposed (Rc), below which the growth
of 1DZn0O is promoted by the effective relaxation of the interface stress 143-145 |n
the SEM images of Figure 7-1 (a-b) it is also possible to observe the presence of
Au nanopatrticles at the tip of the ZnO arrays. This supports that the predisposing
mechanism in the growth of 1DZnO in these experiments was metal catalyst
assisted. With this, it is validated that it is possible to obtain structures with
specific characteristics to perform in specific applications through the selection of
the growth conditions.
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Figure 7-1. (a-b) SEM images of 1DZnO samples synthesized with (a) the use of AZO
seed layer deposited by USP and (b) directly on silicon substrates, using 4 nm Au as the
catalyst. (c¢) GIXRD diffractograms for 1D-USP and 1D-NSL samples with 4 / 2 nm Au.
(d) Texture coefficients of the AZO seed layer and NSL/USP 1DZnO samples catalyzed
with both 4 and 2 nm of Au.

The GIXRD spectra of the obtained samples are shown in Figure 7-1 (c). By
identification of the diffraction peaks present, the presence of ZnO in its wurtzite
phase was corroborated in all the synthesized samples. The presence of two
peaks (38.1° and 44.1°) associated with the metal catalyst was also observed. In
the case of the samples obtained directly on Si, a polycrystalline character and a
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preferential orientation different from that of the USP samples were observed. To
study in more detail the role of the seed layer on the growth of the 1DZnO, the
relative crystalline orientations were determined by calculating the texture
coefficients of the coatings:

Iglkl/lélkl

Thrt = —1 IZ”"
NN i

lo"K is the reference intensity of the reflection associated with the hkl family of
planes in a powder sample. N corresponds to the number of diffraction peaks
analyzed. Figure 7-1 (d) shows the calculated texture coefficients for the 1DZnO
samples and the AZO-USP film used. In these plots, we can observe that the
(002) plane presents a preferential orientation (greater than 1) for the NSL
samples and the AZO seed layer. This coincidence can be explained by taking
as a reference the model of Glas et al.**®. In this work, the authors report that the
initial phases of the nucleation process of one-dimensional semiconductor
nanostructures resemble the Volmer-Weber mechanisms of thin film growth
without considering the radial confinement associated with the metal catalyst.
Thus, since both thin film and 1DZnO-NSL are grown directly on the same type
of single-crystal substrate, the orientation of the systems is expected to be similar.
For the 1DZnO-USP samples, peaks (100) and (101) are observed with high
intensity, corresponding to inclined orientations with respect to the substrate
surface. The preferential orientation of the structures in these directions is due to
the polycrystalline characteristics of the substrate used, resulting in the axial
growth of the ZnO matrix in multiple directions. These results are consistent with
previous work35147 and the morphologies observed by SEM (Figure 7-1 (a)).

The chemical features of the synthesized 1DZnO systems were studied by XPS
spectroscopy. The broad scanning spectra (0-1100 eV) of all samples are
presented in Figure 7-2 (a). In these spectra, the characteristic signals of zinc
(Zn3s, Zn3p, Zn3d, and Zn2p), oxygen (O1s), carbon (C1ls), and gold (Au4f7)
orbitals were observed. Auger electron signals were also detected. Spectra
calibration was performed using the carbon 1s orbital (285 eV) as a reference.
Spin-orbit splitting (23 eV)*® between the Zn2ps2 (1021.7 eV) and Zn2pi»
(1044.6 eV) orbitals was observed in all samples. Once the characteristic signals
were identified, high-resolution measurements of the Zn2ps2 orbital were
performed for all samples (Figure 7-2 (b)). By a deconvolution process, it was
possible to observe a different shift for specific samples, suggesting the
appearance of Zn in different oxidation states.

On the one hand, the most intense peak (1021.8 eV) present in all samples has
been associated in the literature with both metallic Zn or Zn?* present in the ZnO
lattice'4®150, The deviation of this signal at higher energies can be explained by
the generation of structural defects, mainly oxygen vacancies. Thus, the
appearance of a second peak (1023.1 eV) in both USP samples indicates a
deviation of the compound's stoichiometry®l. In the case of the 1DZnO-NSL
samples, this second peak presented a different shift, which may be due to
differences in defect density or surface chemistry with respect to the 1DZnO-USP
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samples. The presence of various oxidation states in Zn indicates can indicate a
departure from the ideal wurtzite structure, implying the existence of point defects
or stoichiometry deviation. This observation was further supported by analyzing
the signals from the O1s orbital.

The signal localized at (1023.9 eV) for the 1DZnO-NSL-Au2 sample has been
previously related to zinc hydroxide'®2. In contrast, the 1022.42 eV signal in the
1DZnO-NSL-Au4 sample coincides with the reported shift for the Zn2ps/2 orbital
resulting from defect generation in ZnO nanostructured materials°3154,
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Figure 7-2 (a) XPS broad scan spectra of the synthesized 1DZnO samples. Signals
associated with Zn, O, Cu and Au are labeled. (b-c) XPS measurements of (b) Zn2p3/2
(c) O1s orbitals for different 1DZnO samples. Fitting using Lorentzian-Gaussian curves.
Background in red.

However, the poor energetic separation between the different oxidation states of
Zn evaluates other peaks necessary to corroborate the statements made.
Therefore, the systematic evaluation of the O1s orbital was performed for all the
samples, appreciating the appearance of an asymmetric main peak (Figure 7-2
(c)). The main contribution of this signal was consistently set at 530.6 eV in all
spectra. This value shows a shift to higher energies with respect to the standard
value of 530 eV for O% present in ZnO, so it is commonly associated with the
formation of reduced zinc oxide (i.e., ZnOy). Thus, it is corroborated that there is
a deviation from the stoichiometry of the obtained materials. The asymmetric
character of the signal (532.2 eV) has been linked to the adsorption of OH/O
groups?#&151 Finally, it was possible to detect the presence of the 4f72 (83.7 eV)
and 4fs2 (87.4 eV) Au orbitals. Due to the electronic interaction at the metal-
semiconductor interface, a shift of these signals towards lower energies was
observed with respect to the values of the orbitals in the bulk metal: Au 4f7284.0
eV and Au 4fs287.6 eV,

In addition, PL measurements showed a broadband emission centered in the
green region for all the synthesized materials. As discussed in previous sections,
the most accepted mechanism to which these radiative recombinations are
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attributed is associated with oxygen defects (2.31-2.37 eV, Vo'?8), which confirms
that these are responsible for the compound stoichiometry deviation, as observed
in the XPS measurements.

a) b)
36 80 |
1D-NSL-Au4 .
27 Sl e
L 2
o
18 § 60 L
- ©
o
2 IDNSLAu2 1§ ot
SR g —=— 1D-USP-Au2
—_— I »n —e— 1D-USP-Au4
2 56 40 |- —a— 1D-NSL-Au2
E K —v— 1D-NSL-Au4
ol 42 30 A1 1 L L L
~ i [] 50 100 150 200
S
(] A T > L L 1 L | L 1 L 1 CO, Concentration (ppm)
‘:’ 3.0 | 1D-USP-Au4 At 200 ppm, 250°C
©)
v L 80
[} -~

@
=]

0.8

1 1
[ 1D-USP-Au2
30l USP-Au

& 38 g
Sensing Response (

23

&

1.5

0-8 A A i i 1
0 200 400 600 800 1000 .

°o
=)

Figure 7-3. (a) Dynamic responses and (b) sensing response of 1DZnO materials to
different CO, concentrations. (c) Response of ZnO platforms to various gases at a
concentration of 200 ppm and 250°C.

To determine the sensing performance towards different CO2 concentrations (1,
10, 50, 100, 200 ppm), the dynamic resistance curves of the synthesized 1DZnO
matrices were measured (Figure 7-3 (a)). These graphs showed an increase in
the resistivity of all the samples when a CO2 atmosphere was present. The
increase in the resistivity of the material is due to the adsorption of the gas as
COs? groups on the surface of the semiconductor'®®. In the graphs, a more
significant increase in the electrical response of the material is also shown in
proportion to the CO2 concentration in the chamber. This is explained by the fact
that the higher the concentration of the analyte, the greater the adsorption of the
gas on the ZnO, and consequently, a greater change in the resistivity is
produced®®’. In addition, it is also observed that the resistance of the 1DZnO
materials differ from each other before CO:2 is introduced into the sensing
chamber. Roughly, NSL samples exhibit higher base resistivity (28 KQ) than
those in which a seed layer is used for growth (USP: 0.8 KQ). The interconnection
between the nanostructures forming a denser and more homogeneous coating in
the 1DZnO-USP samples may be responsible for the lower resistivity of the
system (Figure 7-1 (a)). Contrarily, the 1DZnO-NSL samples could owe their
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more resistive behavior to obtaining semiconductor arrays without
interconnection and with lower homogeneity in growth (Figure 7-1 (b)). It was also
observed that samples synthesized with 4 nm catalyst films presented lower
resistivity than those with 2 nm Au for both USP and NSL. This is attributed to the
conductive behavior of gold.

In the sensing response plots (Figure 7-3 (b)), a signal saturation process is
observed in all samples as the CO2 concentration rises. It has been reported that
the availability of surface defects (i.e., oxygen vacancies) in ZnO is responsible
for the preferential adsorption of oxidizing gases. Thus, as the available defects
become saturated due to increasing gas concentration, it is also possible to
observe a stagnation in the response signal’?.

The sensing curves also show that 1DZnO-USP coatings present a higher
response than 1DZnO-NSL. This difference can be explained in terms of the
morphological differences in the samples. On the one hand, it is possible to
observe that the higher aspect ratio, density, and random orientation structures
present in 1DZnO-USP result in higher surface area and platform conductivity.
These characteristics thus favor CO:2 adsorption and improve the sensing
response of the system. In contrast, the 1DZnO-NSL nanostructures presented
lower surface area and conductivity, so their response would be expected to be
reduced. It is also observed in Figure 7-3 (b) that, regardless of the use of buffer
films in the growth, the obtained nanostructures show better performance as the
amount of catalyst used was increased (Au 4nm). This may be due to the higher
availability of sensing area in the matrix (morphological parameters) and surface
defects confirmed by SEM and XPS.

Employing these dynamic resistance measurements, it was possible to determine
the response and recovery times of the materials toward CO:2 detection. In this
way, it was found that the 1DZnO-USP samples present longer response and
recovery times than the 1DZnO-NSL ones. The lowest response time was 37 s
for the 1DZnO-NSL material with 4 nm of Au. The difference may lie in the slower
penetration of CO2 molecules into coatings with a higher density of 1DZnO and,
therefore a more gradual adsorption-desorption process!®®. It is also to be
expected that an increase in gas-semiconductor interaction associated with more
sensitive systems will lead to more extended response and recovery times®°.

Finally, the selectivity studies towards CO:2 of the obtained platforms are shown
in Figure 7-3 (c). The sensitivities for other gases (acetone, ethanol) at a
concentration of 200 ppm and an operating temperature of 250°C are shown. All
the materials studied show a high sensitivity for CO2 compared to the other gases.
Thus, the opposite behavior of the surface resistivity of ZnO for reducing gases
(e.g., acetone, ethanol) is observed, making it an attractive platform for selective
CO2 detection.

Therefore, the present work describes a methodology by which it is possible to
obtain 1DZnO nanomaterials in a controllable/reproducible way and with a
possible integration to existing semiconductor technology for its implementation
in the detection of reducing gases.
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Chapter VIII Results: Optical biosensing

In this section, we report the synthesis of nanostructured ZnO arrays with
controlled morphological features for their implementation in optical
immunosensing platforms. The results show a morphological and structural
dependence over the biofunctionalization strategy employed. Thus, the optimal
morphology for anti- E. coli antibody binding on the semiconductor surface was
determined, obtaining 100% immobilization efficiency using a low antibody
concentration solution (30 mg/mL). The results presented here have been
published in the Journal of Advanced Materials Interfaces (2023),
doi.org/10.1002/admi.202300167 (IF: 6.389), with the title: Interaction Study of
Anti - E. coli Immobilization on 1DZnO at Nanoscale for Optical Biosensing
Application??®,

Figure 8-1(a-f) shows SEM micrographs of the 1DZnO coatings employed for
developing biosensing platforms. In this case, the samples were synthesized on
silicon substrates (with and without the ZnO seed layer) and metalized with 4 nm
of Au. The synthesis in all cases was carried out at a temperature of 950 °C and
a pressure of 30 mbar (60 minutes), using a 1:1 mixture of ZnO:C powders as
precursors. By controlling the flow rates employed, the position of the precursors
(upstream or downstream configuration), and the preparation of the substrates, it
was possible to vary the morphological properties as illustrated in Figure 8-1 (a-
f). The obtained samples were then grouped into three different types of
morphologies: 1DZnO_1, 1DZnO_2, and 1DZnO_3.

The coatings labeled as 1DZnO_1 (Figure 8-1 (a-b)) were obtained directly on Si
substrates (without seed layer) and employing a flux (Ar/O2) of 36 sccm in the
upstream position. In these samples, it is possible to observe the simultaneous
formation of 1DZnO (nanowires) and 2DZn0O (nanowalls) on the substrate. In this
case, the growth mechanism is a mixture of VLS and VSS processes. Even when
using a substrate that has high crystalline incompatibility with the nanomaterial to
be synthesized, it is observed that highly homogeneous coatings were obtained
under the reported conditions. The nanostructures show a diameter of (136x11)
nm and a length of (8.1+£2.7) pm.

In the case of samples 1DZnO_2 and 1DZnO_3, ZnO sputtered silicon substrates
(ZnO thin film of 200+£10 nm thickness) in downstream positions were used with
fluxes of 36 and 72 sccm, respectively. It is possible to observe that for lower flow
conditions (1DZnO_2: Figure 8-1 (c-d)), nanostructures of (0.8+0.1) um in length
were obtained with a predominant vertical alignment. In this case, the pressure
and flow rates employed allow a stable supply of the precursor species to the
growth interface, thus obtaining a homogeneous coating. In contrast, with high
flows (1DZnO_3: Figure 8-1 (e-f)), a higher growth rate is observed than in the
previous cases, obtaining nanostructures with a length of (8.3£3.4) pm.
Moreover, it is possible to perceive that some catalyst nanoparticles are
supported by the seed layer and not by axial ZnO structures, suggesting an
unstable supply to the growth interface. Figure 8-1 (g) shows the histograms of
morphological features determined by SEM image analysis of the three types of
samples studied. It is observed that regardless of the length of the
nanostructures, the diameter is confined in all cases between 140-130 nm.
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Figure 8-1. (a-f) SEM micrographs of one-dimensional ZnO nanostructures synthesized
at 950°C and 30 mbar. (a-b) 1DZnO_1 samples were obtained without the use of seed
coatings in the upstream position (36 sccm Ar/Oy). Intercalation between 1DZnO
structures and 2DZnO can be seen. (c-f) Samples synthesized with the use of seed layer
in downstream position, (c-d) Morphology 1DZnO_2 (36 sccm Ar/O2) composed of highly
aligned nanostructures (e-f) Morphology 1DZnO_3 (72 sccm Ar/O2) nanostructures with
the high form factor. (g) Distributions of morphological parameters present in the
synthesized materials. (f) GIXRD diffractograms of the studied ZnO nanostructured
materials.

GIXRD measurements identified the wurtzite of ZnO and cubic Au phases (ZnO:
ICSD-193696 and Au: ICSD-611625). For the sample where the presence of
walls is observed (1DZnO), there is a polycrystalline behavior in the
diffractogram, the peaks of greater intensity are associated with inclined planes
to the support surface. The presence of these crystal orientations is associated
with growth in random directions. On the other hand, for sample 1DZnO_2, the
dominant plane (103) in the grazing angle configuration is associated with highly
vertical-oriented growth®. Lastly, for sample 1DZnO_3, a polycrystalline
behavior is observed in which the peak with the highest intensity is (002), which
may be associated with the preferential orientation of the seed layer used for
growth.

Subsequently, antibody immobilization tests were carried out on the surface of
the nanostructured ZnO arrays. The process consisted of activating the ZnO
samples with a KOH solution to react with the silanization agent (APTMS). On
this ZnO/APTMS polymerized surface, the biorecognition agents (Anti- E.coli)
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were attached. To monitor changes in the surface chemistry of the samples, FTIR
measurements were performed at each of the biofunctionalization stages (Figure
8-2 (a-c)). For the 1DZnO_1 samples, the presence of wall-like structures results
in counterproductive for the development of a bioselective layer since once the
silanization process is carried out, the presence of siloxane (Si-O-Si) bonds is not
observed. This suggests poor polymerization of the APTMS layer and limited
immobilization of the recognition antibodies.

On the other hand, sample 1DZnO_2 (Figure 8-2 (b)) signals at 1062 and 1108
cm associated with Si-O and Si-O-Si bonds, respectively, suggest a good
coating of the APTMS layer. This observation is reinforced by the appearance of
signals from amine (N-H: 1582 cm™) and methyl (C-H: 2851 & 2920 cm™) groups
in the 1DZnO_2/APTMS samples®:162, The immobilization of the antibodies on
the surface of the 1DZnO_2 semiconducting matrix was corroborated by signals
at 1693 cm (C=0) and 1536 cm*(N-H) of amide groups and disulfide signals
(520 and 682 cm™) belonging to the immunoglobulins used*63.164,
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Figure 8-2. (a-c) FTIR spectroscopy measurements of the different 1DZnO
morphologies synthesized to evaluate the biofunctionalization process: i) ZnO pristine
surface ii) APTMS silanization iii) Anti- E. coli immobilization. (d) FTIR monitoring of
optimized biofunctionalization methodology for 1DZnO_2 samples.

Figure 8-2 (c) shows the changes resulting from the functionalization of sample
1DZnO_3. The 1010 cm signal is mainly related to the Si-O bond and weakly to
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the Si-O-Si, so the number of functional groups for antibody anchoring is
expected to be lower than for the 1DZnO_2 sample. The initial results determined
that the 1DZnO_2 sample presents the best morphology for developing an
inmunosensing bioselective layer.

Having determined this, the functionalization strategy was optimized by reducing
hydroxylation and silanization reaction times (Table 4-2 depicts functionalization
methodology details). Figure 8-2 (d) shows the results of the different
functionalization strategies using acetone and toluene as solvents of the APTMS
agent at different contact times: Ac5, Ac20, Tol (Acetone: 5/ 20 min, Toluene: 10
min). In these spectra, it is possible to observe signals of amide groups (C=0 /
N-H) and disulfide bridges that corroborate the presence of antibodies on the
surface of the semiconducting material.
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Figure 8-3. (a-c) AFM micrographs of the sensing platform at different stages of the
functionalization process, (a) One-dimensional ZnO nanostructures (1DZnO_2) (b)
Silanization: 1DZnO/APTMS (c) Immobilization of antibodies: 1DZnO_2/APTMS/IgG. (d)
Photoluminescence response for IgG biofunctionalized platforms using different solvents
and contact times.

Likewise, AFM measurements were performed at different stages of the
biofunctionalization process to evaluate the changes in the topography of the
sensing surface. As seen in Figure 8-3 (a-b), the average roughness of the
system changes drastically with the APTMS coating of the 1DZnO resulting from
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the polymerization of the silanizing agent to form islands. Subsequently, an
increase in roughness was observed when antibodies were immobilized on the
system's surface (Figure 8-3 (c)), thus corroborating the results of the
biofunctionalization strategy employed.

To determine the optical transduction response of the platform, the
photoluminescence signal of 1DZnO_2 samples was measured before and after
antibody immobilization strategies (Ac5, Ac20, Tol). In Figure 8-3 (d), we observe
a red shift of the emission of the material resulting from the functionalization with
the bioselective coating. It has been previously reported that APTMS coating of
ZnO surfaces causes defect migration in the semiconductor lattice, thus changing
the emission of the material (Brauer et al.*'4). In addition to the signal shift, an
enhancement of the DLE bandwidth is also observed, which could be linked with
antibodies functionalization producing new energy levels.

At the same time, Figure 8-2 (c) insets portray the photographs of the
functionalized substrate emissions when they are illuminated with a low-power
UV lamp. With the naked eye, it is possible to appreciate a change in coloration
from green color in 1DZnO samples without antibodies to a blue coloration after
immobilization. The figure also shows the photoluminescence measurement of
the antibody used (anti E. coli) supported on a silicon wafer.

The changes produced by the chemical alteration of the surface also generate a
change in the signal of the NBE band (400 nm), where an increase of the signal
is observed after igG immobilization. Processes such as hydroxylation could
affect the availability of point defects on the semiconducting surface and therefore
change the emission of the compound.

Notably, the results demonstrate that the development of a bioselective layer
based on APTMS-IgG does not undermine the optical signal of the material and
therefore allows the system obtained to be used for the optical detection of target
analytes (E. coli) where a signal quenching in response to the monitored
biointeraction is expected.

To corroborate the functionalization process of the 1DZnO materials, FIB
equipment was used to prepare samples in which the APTMS coating of the
structures could be appreciated. Figure 8-4 (a-e) shows the electron microscopy
images where the axial surface of the semiconductor coated by a polymeric layer
of APTMS is observed. It is important to note that the conditions used for the
silanization process allow obtaining a homogeneous coating of the surface of the
ZnO nanostructures and does not result only in the formation of a horizontal film
covering the top of the system. This allows us to efficiently take advantage of the
high surface area offered by the platform. Using the STEM-EDS technique, it was
possible to carry out a compositional mapping of the ZnO/APTMS/IgG interface;
the results are shown in Figure 8-4 (f-I). With these scans, it was possible to
identify characteristic elements (S, P) of the amino acids that make up the
immobilized antibodies on the entire surface of the 1DZn0O. The presence of Si
homogeneously on the material's surface is due to the APTMS agent used to
develop the bioselective layer. These results show consistency with the signals
monitored by FTIR and with the roughness results determined by AFM.
Therefore, the results presented demonstrate that the methodology employed
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allows for obtaining a biosensor layer in a homogeneous and reproducible
manner on the surface of the nanostructured ZnO platform.

Electron Image 8

500nm ©  Au Lal

1)

500nm

S00nm '

Figure 8-4. (a-e) Transmission electron microscopy images of one-dimensional ZnO
nanostructures showing the APTMS/IgG biofunctionalization of the material surface. (f-
[) EDS compositional mappings showing the distribution of characteristic elements of the
different components of the bioselective layer.

Finally, a validation process was carried out to quantify the immobilization of the
antibodies using the Bradford method. Utilizing a calibration curve, it was possible
to correlate the UV absorbance with the protein concentration in a solution. Using
an initial solution with a 30 pg/mL concentration of antibodies, washes of the
1DZnO_2/APTMS system (prepared with different solvents) were performed to
determine the remnant concentration and thus calculate the immobilization
efficiency of antibodies on the support. Table 8-1 shows the results obtained.

Through this process, it was possible to determine that the sample mwelDZnO_2
treated with acetone for 5 minutes obtained the APTMS layer with the highest
availability of functional groups for the immobilization of anti-E. coli antibodies.
Thus, the current work presents a controllable and reproducible strategy to obtain
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sensing surfaces on nanostructured ZnO platforms with optical features that
justify their use in developing optical immunosensors for E. coli.

Table. 8-1 Quantification of antibody immobilization by Bradford method for
1DZnO_2/APTMS samples.

Functionalization Antibody concentration (ug/mL)
_ *Immobilization
treatment Antibody | wash1 | Wash2 | Wash 3 efficiency (%)
stock
Tol 1.2 N.D N.D N.D 96.0 (28.8 ug/mL)
Acb5 N.D N.D N.D N.D 100.0 (30.0 pg/mL)
Ac20 14.2 N.D N.D N.D 52.7 (15.8 pug/mL)

* Calculated using a starting antibody stock concentration of 30 pug/ml. N.D: non detectable
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Chapter IX Conclusions

Despite the large number of nanomaterials reported to date, the nanostructuring
of any material, including ZnO, presents challenges in controlling the physical
and chemical properties obtained due to low dimensionality effects. However, this
is a fundamental requirement for archiving nanostructured materials integration
into nanodevices.

Therefore, this work describes the physicochemical properties and tunability of
one-dimensional nanostructured ZnO materials (1DZnO) obtained by a metal-
assisted vapor phase growth. A series of conditions are reported by which it is
possible to obtain homogeneous 1DZnO coatings on crystalline Si substrates,
even without using seed layer buffer films. Moreover, parameters such as
pressure, carrier flows, catalyst pattern, and precursors employed allow for
precise control of the optical, structural, and morphological properties of the
1DZnO synthesized. In this regard, the necessity of an oxidizing atmosphere for
the anisotropic crystallization of the materials was experimentally corroborated.
Also, the role of pressure modulation on the ZnO materials growth was studied
as better mobility of the gas precursors to the nucleation interface in response to
the working pressure reduction was observed. This allows the obtention of high
aspect 1DZnO even in upstream and high flow conditions. All the materials
obtained showed intense visible emission attributed to point defects and
diffraction signals attributed to a single crystal structure.

On the other hand, the results of photocatalysis tests showed hydrogen evolution
for all the 1DZnO materials studied in the presence of a sacrificial agent and
under broadband illumination. Samples with high aspect ratios and random
orientation resulted in the best performance and stability for the photocatalytic
water splitting reaction. The increase in the system's surface area and light-
trapping properties stand out among the proposed enhancement mechanisms
with respect to the powdered material. In addition, the simultaneous obtaining of
AuNPs at the tip of the ZnO matrix produced by the catalyst-assisted growth
offers an advantage for obtaining plasmonic-based photocatalysts.

In the case of gas sensing, 1DZnO platforms with different aspect ratios
(NWs/NRs) were implemented in a chemo-resistive CO2 sensing coating. The
characterization performed by XPS and PL showed a deviation from the
stoichiometry of the synthesized ZnO nanostructures. The gas detection study
showed that 1DZn0O with higher aspect ratios (NWs) exhibited a sensitivity of ~80
%, while those with lower aspect ratios (NRs) presented faster response times
~37 s. Thus, it was proved that the obtained materials could perform as sensitive
and selective transducers to the presence of oxidizing gases such as COz2. Also,
since the NRs samples were obtained directly on Si substrates, the methodology
reported in this section significantly reduces the time and cost of the fabrication
process.

Finally, a functionalization strategy for obtaining bioselective layer for E. coli on
the surface of 1DZnO was developed. FTIR, AFM, STEM, and PL results
demonstrated a correct silanization of the semiconductor with APMTS agent as
well as the efficient immobilization of Anti- E. coli antibodies on its surface.
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Through these characterization techniques, it was possible to elucidate the
functionalization mechanism and the chemical modification of the nanostructured
surface. This could result in the improvement of optical immunosensors based on
PL response. The reported methodology demonstrated 100% immobilization
efficiency using a 30 pg/ml solution of antibodies. With all this in mind, the results
presented can be here can contribute to the progress of controllable
semiconductor nanodevices to tackle the environmental, energy, and health
problems relevant today.
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