Volume 4

Number 17
7 September 2023
Pages 3673-3896

Materials
Advances

rsc.li/materials-advances

| ! |
il T 4m I

ISSN 2633-5409

a ROYAL SOCIETY REVIEW ARTICLE

Frank Guell, Ateet Dutt et al.
“ O F CH EMIST RY ZnO-based nanomaterials approach for photocatalytic and

sensing applications: recent progress and trends



Open Access Article. Published on 10 Juli 2023. Downloaded on 08.04.26 16:21:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Materials l l ROYAL SOCIETY
OF CHEMISTRY
Advances -

REVl EW View Article Online

View Journal | View Issue

W) Cheok for updates ZnO-based nanomaterials approach for
photocatalytic and sensing applications:

Cite this: Mater. Adv., 2023,

4,3685 recent progress and trends

Frank Guell,7*® Andrés Galdamez-Martinez,° Paulina R. Martinez-Alanis,®
Ariadne C. Catto, Luis F. da Silva,” Valmor R. Mastelaro,”
Guillermo Santana @ ° and Ateet Dutt (2 *°

Nowadays, there is a rising urge to develop and implement cheaper, abundant, and environmentally
friendly semiconducting materials into practical devices. In this regard, zinc oxide (ZnO) presents itself as
a relevant and attractive prospect that fulfills the former requirements and stands out for its
optoelectronic, photocatalytic, and sensing performance. Furthermore, obtaining ZnO nanostructures
has reignited the research on the material. Despite the accurate control and reproducibility over the
synthesis of nanoscale ZnO systems, the complete understanding of their physical properties at this
scale remains. Especially for their application into scalable, practical devices. Thereby, the present
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1. Introduction

Over the last decades, the fundamental properties of ZnO have
been widely studied by many authors. ZnO is a direct bandgap
n-type semiconductor that has been used in a wide range of
applications due to its electrical, optical, and photocatalytic
properties."? Its large bandgap of 3.37 eV, large exciton binding
energy of about 60 meV, and structural compatibility with
gallium nitride (GaN) are some of the many advantages that
make ZnO attractive in device applications. With intense laser
emission in the ultraviolet (UV), it has a great prospect among
lasing materials. Furthermore, it is transparent under visible
wavelengths of light yet opaque under UV, making it an
excellent UV sensor material. It also exhibits both piezoelectric
and pyroelectric characteristics.® However, what is attractive
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about ZnO compared with GaN and other semiconductors,
such as cadmium selenide (CdS), is that it is environmentally
benign. Semiconductor manufacturers are feeling increased
pressure to include nontoxic materials in their products. Such
materials are easier to recycle, and the outright biocompatibility
of ZnO makes it a promising candidate for optoelectrical medical
devices that can be inserted into the human body.

A renewed interest in this material system has emerged in
recent years due to significant improvements in its growth
techniques.” In addition, much effort has been put into fabri-
cating low-dimensional nanostructures such as nanocrystals,
nanorods, nanotubes, and nanowires, among others, due to the
advantages offered by their large surface-to-volume ratio." The
great variety of nanostructures (0D to 3D) that can be produced
with this material system strongly motivates its integration into
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different modern devices. Recently, several nanostructure sub-
types have been demonstrated to be suitable candidates for
their implementation into nanodevices.

In this context, ZnO-based nanostructured materials have
exhibited remarkable versatility in optoelectronic, photo-
catalytic, and sensing applications, as attested by numerous
authors.”™

Nevertheless, despite the great variety of nanostructures
produced up to date, scaling ZnO or any material into the
nanoscale presents some complications as some of its physical
properties depend on the dimensionality and, thus, cannot be
adequately extrapolated from their bulk values. As a result, the
properties of ZnO were found to be dependent on the shape
and corresponding synthesis method.'®!" A detailed under-
standing of the influence of finite-size effects on the funda-
mental properties of these nanostructures is not yet fully
achieved."” The influence of surface states on the optoelectro-
nic properties of nanostructures cannot be neglected when the
surface-to-volume ratio is large.”* A detailed description of the
dependence of the fundamental physical properties of these
nanostructures with their typical dimensions is mandatory to
fabricate devices designed to exploit these explicit properties.
Although applications to semiconductor devices have already
been demonstrated, integrating these nanostructures with both
organic and inorganic materials into practical devices is still an
enormous challenge and a field of recent and continuous
development. In particular, ZnO is a suitable candidate for this
purpose due to its non-toxicity and biocompatibility with many
organic complexes. These novel semiconductor hybrid nano-
devices are an emerging field of basic and applied research that
will see much activity in the following years.

In this work, doping of ZnO as photocatalyst for hydrogen
generation, ZnO metallic nanocomposites as plasmonic photo-
catalysts platforms, ZnO-based plasmonic materials for
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biosensing, and ZnO as chemiresistive ozone gas sensors were
reviewed for their photocatalytic and sensing applications.

2. Photocatalysis

Nowadays, the treatment of wastewater from organic/metal-
organic pollutants (e.g., dyes, pesticides, detergents'*™®) and
the solar-driven production of energy vectors'®>> respond to
the increasing energy demand and industrialization. In this
regard, photocatalytic nanoplatforms are among the technolo-
gies being developed to achieve relevant and sustainable goals,
such as hydrogen production,**”** carbon dioxide reduction,*®
and hazardous waste photodegradation.>”

Honda and Fujishima first described the photocatalysis
phenomenon in 1972%% and referred to the participation of
photogenerated charge carriers by a semiconductor (i.e., photo-
catalyst) material under appropriate lighting in redox mechanisms.
This triggers desired reactions without the direct involvement of
the semiconductor compound in the reaction. The photocataly-
tic processes can be classified as homogeneous or hetero-
geneous. This classification will depend on whether the photo-
catalyst occupies the same phase as the reaction mixture or a
different one. In the first case, we will have a homogeneous
photocatalytic process; in the second, we will have a hetero-
geneous one. Heterogeneous photocatalysts have gained more
attention due to their advantages over homogeneous ones. No
waste disposal problem or low cost of production are examples
of it. Another important distinction between these two processes
is the catalyst used, while homogeneous photocatalysts are
usually transition metal complexes like copper or chromium.
Heterogeneous photocatalysts mainly consist of semiconductors.
In particular, metal oxide semiconductors are characterized by
their incredible capacity to absorb UV light. UV light, though, is
only 3-4% of solar energy, which requires us to narrow the band
gap through doping to produce visible light-induced photo-
catalysis. Therefore, the performance of semiconductors as
photocatalysts can be enhanced through the effect of doping
agents. The roles of these elements are diverse. Typical examples
are modifying the band gap, shifting the absorption range
towards the visible, and electron trapping.

A heterogeneous photocatalytic mechanism (i.e., a process
where the catalyst and the reaction media are in different
aggregation states) begins with absorbing photons with more
prominent energy than the semiconductor bandgap. The elec-
tron is then promoted from the valence band (VB) of the
photocatalyst towards the conduction band (CB), generating
an electron-hole pair. As they are produced, these charge
carriers can either recombine (with the consequent loss of
energy in the form of heat or light) or participate in charge
transfer processes (oxidation/reduction) with molecules adsorbed
on the surface of the semiconductor. On the surface of the
semiconductor, both redox reactions can take place: the reduction
of the electron acceptor species when the reduction potential of
the species of interest is less than the energy of the CB or the
oxidation of donor species of electrons when the potential is
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greater than the energy of the VB. In aqueous media, these redox
reactions can also lead to the production of radical (e.g., *OH,
*0, ") and ionic (e.g,, OH™, HO, ) species, which are highly
efficient in the degradation of polluting compounds and anti-
microbial mechanisms in water cleaning applications.***

The photocatalytic performance of multiple earth-abundant
metal oxide semiconductors has been studied, searching for
cost-effective, efficient, and durable candidates such as Fe,O3,
WO;, Sn0O,, CuO,, TiO,, and ZnO.**™° However, practical
applications are still limited due to the specific drawbacks of
these materials. Ongoing development and search for tailored
catalytic materials are still required. ZnO stands out as a photo-
catalytic material due to its electronic, chemical, and morpho-
logical properties. For instance, its high oxidation potential (VB =
+2.7 V vs. NHE), electron mobility (200-1000 cm® V' s~ %), non-
toxicity, and tunable nanostructure formation resulted from its
non-centrosymmetric wurtzite structure make the material an
outstanding photocatalytic material.*’ ** The main photocatalytic
limitations of ZnO are associated with the high electron-hole
recombination rates, reduced visible light absorption, and
photostability.** For this reason, strategies like doping, sensitiza-
tion, and coupling have been explored extensively to improve
the photocatalytic performance of the material under visible
irradiation.*>™ Yet, these improvement strategies often involve
the emergence of new challenges to overcome since unwanted
side effects such as the creation of trap states, imperfections in
the interfaces between different materials, and electronic retro
injection to the sensitizer dye tend to emerge, reducing carrier
mobility or the electron collecting efficiency, negatively affecting
the photocatalytic performance of the system.

2.1 Doping of ZnO as photocatalyst for hydrogen generation

Since the beginning of the industrial revolution, our develop-
ment has been very dependent on our consumption of fossil
fuels. This has increased greenhouse gas concentration in the
atmosphere (one of the leading causes of climate change).
Thus, it is imperative to find renewable resources as clean as
possible. Several green energy sources have been developed in
the past decades. A few notable examples are wind, hydro-
power, and solar energies. Hydrogen is not used as the previous
ones and is viewed as a potential future energy resource with the
recent increase in its production: International Energy Agency
(IEA).>' The reasons are its high energy yield (141.8 kJ g ') of
heating value, which is more than 2.5 times higher than other
hydrocarbons such as gasoline or diesel,>> abundance because it
is the most common element of the universe, and storage cap-
ability because it can be stored in gaseous or liquid forms and be
distributed through pipelines.*®

Nevertheless, the use of hydrogen as an energy source has its
drawbacks. Hydrogen in nature is always found combined with
chemical bonds with other elements such as oxygen, carbon,
and nitrogen. Then, it’s necessary to extract and separate the
hydrogen from these substances to use it as an energy source.>
On the other hand, although hydrogen could be seen as a
harmless energetic resource, the reality is that right now,
as reported by IEA, it is mainly produced from fossil fuels.”*
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For that reason, the desire for greener alternatives has inspired
the pursuit of new techniques. Solar photocatalytic application
is perceived, as reported in a previous work,”” as one of the
most promising green alternatives for hydrogen production.
The photocatalysts, then, will be used to enhance the hydrogen
production rate through a light-driven reaction.”®

Transition metals such as chromium (Cr), cobalt (Co), and
palladium (Pd) have an incomplete d sub-shell. Within this
group, we found noble metals. These elements, usually more
active and selective when compared with non-noble metals, are
characterized by having worthy resistance to oxidation even at
high temperatures.®” Its main problem, though, is its scarcity
and high cost, which prevents the industrialization of photo-
catalytic production. Rare earth materials such as cerium (Ce),
lanthanum (La), and europium (Eu) have just attracted atten-
tion due to their photocatalytic performance when acting as
cocatalysts.”® The unique characteristic of these elements is
having the 4f orbital incomplete. Other recent cocatalysts
gaining lots of attention are the transition metal carbides such
as molybdenum carbide (Mo,C) and tungsten carbide (W,C).>
These materials formed by incorporating carbon atoms into the
interstitial sites of transition metals allow an enhanced photo-
catalytic activity.

Before going into more detail about the electron-hole
recombination problem, we should consider another aspect
that influences the photocatalytic activity ie., the photo-
catalyst’s structure in play. When the photocatalyst is small,
many atoms accumulate on its surface. This enhances the
number of active sites and interfacial charge carrier transfer
rates, achieving, as reported in ref. 60 higher catalytic activities.
Adding this to the fact that redox reactions mainly occur on the
photocatalysts surface, micro or nanostructures will be the
most efficient for the photocatalytic process. The major pro-
blem of this process is the recombination of electron-hole
pairs, which gives us no net chemical reaction. Hence in order
to improve the performance of our photocatalytic process,
we should enhance the electron-hole separation. One method
of achieving this is using a sacrificial agent such as ethanol,
which can also be other organic compounds. Ethanol is used
for its relatively high hydrogen content, availability, and non-
toxicity.>® This organic compound will be oxidized by the
photogenerated valence band holes permitting the reduction
of water to hydrogen by the photogenerated electrons in the
conduction band. The sacrificial agent will act in an irreversibly
way with the photogenerated holes and thus strengthen the
electron-hole separation. This process, known as ethanol
steam reforming (ESR), is represented by the following stoi-
chiometric equation considering ethanol as the sacrificial
agent:*"%?

C,HsOH + 3H,0 — 2CO, + 6H, 1)

The ESR has its drawbacks. This causes a slowdown of our reac-
tion and, consequently, the deterioration of the H, production.
The most important ones of which are carbon deposition and
sintering. Sintering is a process consisting of the agglomeration
of the dopant elements on the surface of our photocatalysts,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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producing a decline in the number of surface activities driving
catalyst deactivation. Meanwhile, carbon deposition consists of
the growth of a carbon thin film on the surface of the photo-
catalysts. The production of this film is closely associated, as
reported in ref. 57, with the nature of the selected photocata-
lyst and also with the reaction conditions such as temperature
or residence time. However, there is still no consensus on the
detailed reaction pathways that lead to carbon formation and
less hydrogen production yield. In the same way, carbon
deposition is governed by different kinds of reactions at
different temperatures provoking a typical performance.
Therefore, advanced knowledge of the ESR mechanism is
fundamental for significant improvements in the photo-
catalytic process.®®?

Many metal oxide semiconductors have been studied for
photocatalytic usage. ZnO is one of the most used due to its
great photocatalytic activity.®®> As we introduced, ZnO has an
absorption in the UV range of the spectrum due to its large
band gap.®* Doping has therefore been adopted to modify the
properties of ZnO by incorporating impurities. There are a large
number of dopants that have been studied for improving the
photocatalytic. Ce is a rare earth material that has received lots
of attention for its performance when acting as a cocatalyst,
producing an evident improvement of the ZnO photocatalytic
activity.®* When we dope cerium into a ZnO catalyst, the doping
Ce*" ions are incorporated into the ZnO lattice substituting the
Zn”" ion sites. Consequently, as reported by Anandan et al.,*
the electrical neutrality of the crystal will impose the creation of
certain impurities. The incorporation of Ce into ZnO then
forms discrete energy levels (impurity states) between the
conduction and the valence band. These new energy levels
can mostly be related to oxygen vacancies, interstitial elements
(either oxygen or zinc), or trap states of the cocatalyst. Oxygen
vacancies act as electron acceptors to trap electrons, while
interstitial elements and trap states act as trappers for holes,
both of which prevent the recombination of photogenerated
electrons and holes. This will allow new energetic transitions
inducing visible-light absorption as a result. These energy levels
are called sub-band gaps in which transitions require less
energy than the usual valence conduction band transitions.
Although Ce-doped ZnO photocatalysts were able to absorb
visible light their photocatalytic activity was limited. Even if we
consider the small photocatalytic activity due to the trapping of
excited electrons by Ce*" or the enhancement of this activity
due to the reduction of Ce-doped ZnO nanostructures, which
causes an increase in the surface area and therefore of the
photocatalytic activity as doping increases.®® This limited
photocatalytic activity, presented in ref. 65, is due to the low
reduction power of electrons in impurity levels and that impur-
ity states may act as recombination centers of the charge
carriers. Furthermore, as detailed in ref. 65 the band gap of
ZnO will not change and thus, the photocatalytic activity of
visible-light is not improved in this way. Then, another
approach is needed in order to improve the photocatalytic
performance. What we can do as reported by Anandan et al.®
and Ahmad et al.,%” is introduce a co-dopant in the first case this

© 2023 The Author(s). Published by the Royal Society of Chemistry
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will be Cu®" whilst in the second will be Y**. Both co-dopants will
produce a synergetic effect between them. Therefore, the trap and
release of the charge carriers are because of the effect of both
dopants, inhibiting the recombination rate of electrons and holes
and fastening the photocatalytic reaction. As a result, as reported
earlier, either in ref. 65 or, ref. 67 the photocatalytic activity is
highly improved. The improvement of the photocatalytic process
obviously will also be related to the dopant concentration. At first,
it increases with it, and then it decreases. Therefore, the photo-
catalytic performance will have an optimum dopant concentration
value. Hence, a great improvement in hydrogen production is
observed, indicating that Ce-doped ZnO photocatalysts are suita-
ble for an enhancement of H, production, especially when
combined with another dopant.®>*”

Copper (Cu), for its part, is instead a transition metal that
has also gained great attention for producing highly active ZnO
visible light photocatalysts.®® In the same way that in the case
of cerium doping, the Cu®>" ions will be incorporated into the
ZnO structure. The Cu®>" dopants can be easily substituted to
Zn** sites without significant distortion in the lattice structure
due to the similarity between the effective ionic radius.®® It is
found, as reported by Jongnavakit et al,*® the doping of ZnO
photocatalysts with Cu ions hinders the growth of the ZnO
particles. In fact, the size of the catalyst will become smaller as
increases the Cu concentration. The production of smaller size
particles will favor photocatalytic activity due to the higher
effective surface of the photocatalysts. As it happened with the
cerium dopant, the doping of Cu into ZnO nanostructures will
introduce new energy levels between the conduction band and
valence band. In this case, due to the doping of the Cu** ions
without causing any severe effect on the crystalline structure,
these impurity states will be primarily due to the Cu 3d orbital
and allow visible light absorbance.”® On the other hand, unlike
Ce in the case of Cu doping, the band gap is narrowed in the
Cu-doped ZnO nanostructures.”’ This fact, together with the
introduction of the impurity states, will enhance the photo-
catalytic activity of the catalyst. This is demonstrated in ref. 71
by Vaiano et al. and by Kanade et al. in ref. 72 In both studies,
the photocatalytic activity is highly improved by adding Cu with
no need for a co-dopant. But as in all dopant processes, more
impurities will appear as the cocatalyst concentration is
increased. Therefore, there will be a point where the introduc-
tion of more cocatalysts will be counter-productive due to the
high concentration of oxygen vacancies that can act as recom-
bination centers of the electron-hole pairs. The optimum
Cu-doped composition may differ in different studies due to
different experimental conditions, which will cause an incon-
gruity in these values. Finally, this improved photocatalytic
activity should produce an enhanced hydrogen rate. In the
study made by Vaiano et al,”” first of all, it is worth noting
that the hydrogen production obtained with undoped ZnO
(153 pmol h™" g~') was comparable to that obtained by photo-
catalysis alone (148 umol h™* g™ ). This result again reaffirms
the necessity of doping to make the ZnO catalyst active under
visible light irradiation. As we start adding the Cu cocatalyst, its
hydrogen production rate starts growing. But as mentioned
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earlier, once the optimum yield is achieved, the hydrogen
production will start decreasing due to increased recombination
centres. The optimum hydrogen production will be for 108% Cu
mol concentration that corresponds to a 1193 umol h™* g~ * of
hydrogen production. This great enhancement of the hydrogen
production demonstrates the copper usefulness for improving the
photocatalytic activity of the ZnO catalyst. Thus, copper can be
perceived as a great alternative to noble metals as a dopant agent
due to its higher availability and less cost.

Silver (Ag) is also used with ZnO as a photocatalyst.”” When
loading the Ag cocatalyst into the ZnO, the dopant element will
substitute the Zn, and therefore doping will lead to a decrease
in the Zn occupancy. The introduction of Ag doping, like in
previous cocatalysts, as revealed in ref. 74, will decrease the
particle size. Another similarity we will have with other cocata-
lysts is the creation of imperfections in the ZnO lattice due to
charge differences between Ag" and Zn>" ions.”* As we well
know, this will lead to the creation of new mid-gap energy
states. Even more, the Ag" dopant will act as a trapping
mechanism of conduction band electrons favoring the slow-
down of the electron-hole pair recombination. As the Ag"
doping concentration increases, more imperfections our cata-
lysts will have. This produces the appearance of even more mid-
gap states, which will induce a significant red shift of the
absorption edge, thus making the photocatalysts capable of
absorbing visible light.

In the same way as Cu, the Ag" doping narrows the band
gap’® of the ZnO nanostructures, which is notably reduced.
This fact, combined with all the previous ones, greatly
enhances the photocatalytic activity of the Ag-doped ZnO
structures. The addition of Ag" ions has its limitations. The
larger radius of Ag” than Zn>* makes replacing the Zn ions with
our doping Ag" agent not easy. Therefore, the aggregated Ag ion
will not be incorporated into the ZnO lattice at a certain point
but will form separated particles and clusters at the ZnO grain
boundaries.”* It has been reported that when Ag doping
exceeds an optimum value, the electron mobility of ZnO thin
films decreases, and hence the photocatalytic activity will also
be reduced. Therefore, in order to make the photocatalytic
process as efficient as possible, we will have to find an equili-
brium between the two processes. This value oscillates when
looking at different investigations, for example, Georgekutty
et al.”® found 3 mol% as the optimum Ag dopant concentration,
but Ahmad et al.”® reported 5 mol% concentration as the best
one. To conclude the study of Ag-doped ZnO, we will see how
the hydrogen production rate behaves. We will there again see
if there is a correlation between an enhancement of the photo-
catalytic activity with the Ag cocatalyst concentration.
As reported by Ahmad et al. in ref. 76 the hydrogen production
rate is 15 umol h™' g' for pure ZnO photocatalyst, and
increases as the Ag cocatalyst concentration increases. At 6%
mol Ag concentration, the best hydrogen evolution rate is
produced with 805 pumol h™* g~*. When this value is exceeded,
the hydrogen production will begin to fall, and at 8% mol, the
hydrogen rate production is 713 umol h™* g~ *. Therefore, silver
doping can noticeably improve the photocatalytic process and
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must be considered for accelerating the hydrogen production
rate of the photocatalytic process.

2.2 Metallic ZnO nanocomposites as plasmonic
photocatalysts platforms

In addition to the strategies mentioned above, metal nano-
particles (NPs) loading ZnO nanostructures are reported as an
engineering mechanism to improve visible photon absorption
and charge separation employing surface plasmon resonance
(SPR) based phenomena and/or Schottky barrier formation in
the metal-semiconductor interface.””””®

Authors have reported using ZnO-noble metal (e.g., Ag, Au,
Pt, Pd) nanocomposites for plasmon-assisted photocatalysis
applications.®®®* This derives from the optical properties
exhibited by these systems, which can be precisely controlled
by their morphology and spatial arrangement in the semicon-
ductor matrix. These metallic elements exhibit free electrons in
the conduction band, which allows them to present an oscilla-
tion response for specific frequencies of the incident electro-
magnetic field.*> In the particular case of Au NPs, the
irradiation with visible light excites the electrons to higher
energy states.’*®” Later, these photoexcited electrons can be
injected into the ZnO bands by a direct/indirect charge transfer
process where they can participate in the desired photocatalytic
mechanisms. Furthermore, as mentioned before, the presence
of a Schottky barrier inhibits the retro electronic injection from
the ZnO to the metallic NPs.%%%°

For practical purposes, obtaining metallic NPs can be car-
ried out by employing versatile chemical (nitrate reduction) or
physical (photoreduction) processes that use stable precursors
(e.g., HAuCl,, H,PtClg, AgNO;)*°°* under a wide range of pH
conditions. In addition, these synthesis techniques concede
control over the metallic nanostructures morphological proper-
ties, allowing to tune the photonic absorption over a wide range
of the solar spectrum.”® Metallic NPs can also reduce the
photodegradation of the catalytic platform due to their stability
and resistance.’® It is also reported that the SPR effect can
produce local heating of the environment, thus improving the
mass transfer processes of the molecules of the medium
towards the surface of the catalyst and increasing the photo-
catalytic efficiency of the system.’® Therefore, tunable metal
nanostructures can be developed to achieve selective plasmon-
assisted photocatalytic substrates.’*

It is important to mention that many works report the
successful implementation of metallic nanostructures to ZnO
matrices to improve the photocatalytic performance of the
material.”®° A relevant trend consists in implementing one-
dimensional ZnO nanostructures grown by low-temperature
chemical techniques in porous organic matrices with consider-
able surface areas. In this way, a greater surface area is achieved
than if the nanostructures were synthesized on a flat substrate.
For instance, Qin et al'®® reported the obtention of ZnO
nanorods (NRs) on a macroporous substrate of carbonized
spinach (CS) leaves by using a low-temperature hydrothermal
technique. The obtained nanostructures formed hexagonal
prisms (2.1 pm in length with 500 nm hexagonal edges).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Chemical growth of ZnO NRs/Au NPs on the biogenic macroporous matrix for the photocatalytic degradation of RhB and CIP. Copyrights
ELSEVIER 2020.1°° (b) Piezo-photocatalytic performance of asymmetrical ZnO NRs/Au NPs nanocomposites for improved exciton separation and
enhanced RhB degradation. Copyrights WILEY 2020.2°? (c) Plasmonic hybrid ZnO/Ag NPs for the degradation of RhB dye and CPS pesticide under natural
solar irradiation. Copyrights RSC 2020.%° (d) Electrochemical synthesis of ZnO NRs over bimetallic Cu Au NSTs for plasmon-enhanced photocatalytic
water splitting reaction. Copyrights ACS 2018.1%% (e) A visual representation depicting how plasmonic metal-ZnO nanostructures generate visible light
photocatalytic activity due to the influence of plasmon-induced electrons.*%*

Subsequently, 50 nm Au NPs were deposited on the surface of solution at a basic pH (Fig. 1(a)). As a result, the authors
the ZnO NRs using a photoreduction process using a HAuCl, reported a surface area of 311.41 m* g ' and a considerably
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high light absorbance (~95%) in the 350-800 nm range. The
photocatalytic performance of the whole system was evaluated
in two different degradation processes: degradation of Rhod-
amine B (RhB) and Ciprofloxacin (CIP), as well as the produc-
tion of hydrogen by the water-splitting reaction. The degrada-
tion tests were carried out using a Xe lamp with an intensity of
100 mW cm™? with filters for the visible range (420-780 nm),
showing 97% and 61% degradation in 3 h to RhB and CIP
respectively. Recyclability of the nanocomposite was also eval-
uated on multiple cycle tests with cleaning washes of deionized
water and ethanol in between trials showing good conservation
of catalytic activity after three whole cycles. For the hydrogen
evolution reaction (HER), a solar simulated light source (200-
1100 nm) of the same intensity was employed in a 0.5 M Na,SO,
solution as hole scavenger. The system achieved a hydrogen
production of 2.384 mmol ¢ * h™', which is higher in compar-
ison with a sample where no Au NPs were deposited on the ZnO
NRs/CS matrix, evidencing the SPR improvement mechanism
in the system.

Additionally, the piezoelectric properties of ZnO have been
used synergically with the plasmonic properties of Au NPs to
enhance the photocatalytic properties of ZnO-based substrates.
In the work of Xiang et al.,'®" the piezo-photocatalytic perfor-
mance of asymmetric ZnO NRs/Au NPs nanocomposites
(Asy-ZnO NRs/Au NPs) is evaluated for the degradation of
RhB. The authors chemically synthesized ZnO NRs by using a
conventional hydrothermal method over a conducting sub-
strate. Then a photoreduction process was employed to deposit
Au NPs only on the tip of the NRs to obtain asymmetric
coverage of the semiconductor. This was achieved by the
previous coverage of the 1-D nanostructures with an AZ55214E
photoresist layer and a plasma etching step allowing only the
tip of the rods to be exposed to the Au precursor solution.
To compare the distribution of the gold in the ZnO nanostructure,
ZnO NRs/Au NPs samples were prepared without the use of the
AZ55214E in such a way that the deposit of the Au NPs will be
carried out on the entire surface of the semiconductor material
(symmetric samples; Sy-ZnO NRs/Au NPs). In addition to the
improvement processes in photon absorption derived from the
before mentioned SPR mechanisms, by achieving this spatially
controlled Au NPs deposition, the piezoelectric potential in the
c-axis of the ZnO NRs, was used to improve the charge separation
process, resulting in a more efficient injection of hot electrons
from the Au NPs to the ZnO NRs matrix (Fig. 1(b)). With the
proposed asymmetric structure, it was observed that dye degrada-
tion reaches an efficiency of 95% in 75 minutes under a full
spectrum of 100 mW cm ™ ? irradiation and an 80 W, 40 kHz sound
actuator. Thus, the work presents a promising method for the
obtention of light/sound responsive ZnO catalytic materials,
where optimization in the morphological and loading parameters
of the nanocomposite are still required.

Moreover, another biogenic approach for the obtention of a
plasmonic ZnO photocatalyst is reported by Choudhary et al.*®
They present a single-step precipitation technique using fennel
seed extract as a bio-reductant for the obtention of ZnO/Ag NPs.
The diffuse reflectance measurements showed the system’s
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faculty to absorb visible light due to the SPR band of Ag
(Fig. 1(c)). The hybrid nanocomposite was addressed to work
at ambient conditions under the direct irradiation of natural
solar light. The photocatalytic test monitored the degradation of
both RhB dye and Chlorpyrifos (CPS) pesticide by using UV-Vis
spectroscopic measurements, where a complete degradation in
18 min for RhB and 90% degradation of CPS in 40 min were
obtained. The process is an example of alternative synthesis
methods researched by various authors for the obtention of
nanosized ZnO materials in a more environmentally friendly
manner.””'%?

Yet another example of morphological control over the
growth of 1-D ZnO nanostructures in an already nanostructured
substrate is presented by Tan et al.'®® In this work; the authors
present the electrochemical obtention of hollow bimetallic
nanostructures, i.e., Copper-gold nanostartubes (Cu Au NSTs),
on which ZnO NRs were galvanically synthesized using the Cu
Au NSTs support as deposition cathode (Fig. 1(d)). Due to the
specific morphology of the bimetallic substrate on which the
ZnO nanostructures were grown, it is proposed that the stella-
tions and cavitations of the NSTs work as regions where the
electric field is strongly localized as a result of the abrupt
curvature of the bimetallic structure and therefore allows a
more intense SPR mechanism. As evidence, a considerable
increase in the extinction coefficients of the nanocomposite
in the infrared region was observed compared with the ZnO
NRs system product of the SPR injection of electrons from the
alloy towards the semiconductor. To evaluate the photocatalytic
performance of the system, HER measurements were carried out
using a 9:1 water: methanol (as sacrificial reagent) solution
under a Xe lamp (100 mW cm™?) UV-visible and visible (2 >
420 nm) irradiation, obtaining an HER of 480 pmol ¢ ' h™" and
110 umol g~ ' h™" respectively. The photocatalytic performance of
the plasmonic composite is reported to be nine times larger under
UV-visible irradiation than that of pristine ZnO NRs substrate.

Thus, with all these aspects in mind, there are a lot of
attractive advantages of these plasmon-assisted ZnO materials
that have allowed the development of promising investigations
in the field of photocatalysis. Fig. 1(e) presents a schematic
summary of the plasmonic photocatalytic mechanism
proposed by Dao et al.'®® for metalized ZnO nanostructured
materials. However, there is also the need to continue develop-
ing methods and techniques for precise control over plasmonic
ZnO systems morphological, optoelectronic, and interfacial
properties that allow the scalability and practical implementa-
tion of these materials into energy and environmental remedia-
tion applications. Table 1 summarizes various works reporting
the implementation of plasmonic ZnO-based photocatalysts.

3. Sensors

3.1 ZnO-based plasmonic materials for biosensing
applications

The COVID-19 pandemic has shown that many of the current
biotechnology techniques require continuous development to
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tackle this and future health emergencies, contributing to
human well-being.'®> One of the axes to achieve this next-
generation biotechnology is the development of sensing devices
for the sensitive and selective detection of multiple biological
analytes (e.g., cells, nucleic acids, proteins, enzymes)'%® both
for prevention and early condition/disease detection."®”

A biosensing platform includes a layer of a transducing
material that converts the chemical or physical interaction of
the analyte with the sensing layer of the system. Therefore,
depending on the nature of the transducer response, the
sensing devices can be classified as electrochemical,'®
acoustic,'®>'*® piezoelectric,""" optical (e.g., ellipsometric
SPR, evanescent field, fluorescence sensors*****¢), and photo-
electrochemical.'*” "' Furthermore, in some of the approaches,
label-free analyte detection can be achieved."® In many of those
applications, the surface morphology of the substrate plays a
crucial factor in determining the sensing performance of the
platform. For this reason, much work has been reported in recent
years seeking the implementation of multiple metals (e.g:, Au, Ag,
Cu, AI"*"'??) inorganic (e.g., SiO,, CdSe, CdTe, Zn0'**%’), and
organic (C, g-C3N,"**7'%°) nanostructures and nanocomposites as
biosensing materials.

ZnO stands out among the formerly mentioned materials
due to its biocompatibility, cost-effectiveness, and biodegrad-
ability."*! In addition, its physicochemical surface properties
(i.e., high isoelectric point, electric charge) and morphological
tunability through various nano structuration techniques made
this material an attractive option for detecting the interaction
with low molecular compounds and bioanalytes for in vivo and
in vitro applications.'®® In addition, the obtention of a bio-
selective layer on top of the semiconductor material to assure
selectivity and specificity towards a particular analyte is
required."® This can be achieved by silane, thiol, and phos-
phoric crossing agents to functionalize the semiconductor’s
surface with multiple biorecognition agents (e.g., oligonucleo-
tides, enzymes, and antibodies'**7**?). Recently the use of self-
assembled monolayers (SAMS) as recognition elements in ZnO
has been successfully accomplished.**®

Consequently, multiple ZnO-based nanostructures have
been developed and integrated into multiple biosensing plat-
forms, mainly optical and electrochemical. Yet, the large band-
gap of pristine ZnO makes it transparent to visible radiation.
Therefore, numerous investigations have been performed to
synergize the advantages that ZnO offers with the plasmonic
resonance phenomena of noble metal nanostructures (Ag, Au,
Pt NPs) and thin films."*”"*° The optoelectronic properties of
such nanostructured metallic systems allow them to display
absorption bands in the visible spectrum.*® However, the lack
of good adhesion to the substrate and prior biofunctionaliza-
tion to work as sensing probes are among some of the limita-
tions of these materials for bio-detection applications.

With that in mind, the integration of ZnO: Ag/Au composites
into biosensing platforms as plasmonic enhanced sensing
performance has been reported in multiple works; in some
cases, due to the physics of the semiconductor-metal junction
(Schottky barrier), electron injection to ZnO conduction band,

3694 | Mater. Adv, 2023, 4, 3685-3707

View Article Online

Materials Advances

local temperature gradients (i.e., localized adsorption and mass
transport phenomena) and improved light absorption proper-
ties.’*! Examples of the implementation of these metal ZnO
heterostructures are the so-called SPR optical biosensors
devices (Fig. 2(a))."*"'** These systems measure the change in
the refractive index of interface layers with different dielectric
constants. Among the reported structures, the Kretschmann
configuration is recurrently used to measure the reflectance
response of the plasmonic layer when irradiation is applied
through a prism."**'**™* In this configuration, the incidence
angle is swiped until plasmonic resonance in the metal film is
achieved. Therefore, as the resonance angle is a function of
the refractive index of the sensing interface, the adsorption of
biological analytes in the platform leads to a shift of the
resonance angle.'*>%¢

However, the use of this class of systems has proven to be
limited in terms of sensitivity and selectivity. For this reason,
adding biosensitive layers with better adhesion, physico-
chemical and morphological properties, is one of the most
popular strategies for developing this type of system. In this
sense, using ZnO nanostructures as immobilizing or inter-
mediate biosensitive layers has resulted in improved detection
thresholds. This has been attributed both to the increase in the
surface area of the semiconductor and to the enhanced inter-
action with the biological analytes due to the morphological
characteristic of the sensing material. ZnO-based SPR sensors
are thus promising candidates for point of care (PoC) monitoring
and sensitive label-free detection, and the main limitation to
various practical applications is the optical response limited to
the visible region. Consequently, as pointed out by some authors,
effort needs to be made to achieve IR irradiated detection, which
offers a more profound penetration length.'*”

Additionally, fiber optic-based SPR biosensing platforms
have been developed where fewer bulky devices for detecting
various analytes are reported.’*>'*® In this kind of study, the
authors have focused on optimizing the sensing layers for the
SPR detection mechanism of evanescent radiation propagation
through the interface.'**"*° On the other hand, when 0D noble
metal nanostructures are used, the sensing principle is known
as localized SPR (LSPR)."** For instance, in the work of
Kim et al,"*® the development of a fiber-optic-based LSPR
biosensor platform is presented. The sensing layer consisted
of a ZnONWs: AuNPs system chemically grown on the cross-
section area of an optic fiber (Fig. 2(b)). The nanocomposite
aimed to detect prostate-specific antigens by an immunoassay
approach, a common biomarker for the diagnosis of prostate
cancer. The authors reported an improvement in the detection
sensitivity of the ZnO nanowires (NWs)/Au NPS platforms in
comparison with 2D multilayer systems, archiving a detection
limit of 0.51 pg mL™". Increased detection area, reduced
reflectance, and enhanced light trapping properties are sus-
pected of contributing to boosting the performance of this free-
label optical sensor.

ZnO nanostructures have also been incorporated in Surface
Enhanced Raman Spectroscopy (SERS) substrates to detect
relevant biological elements with high specificity, where both

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic of a ZnO-based SPR biosensor in Kretschmann configuration measuring the reflectance response to the adsorption of biological

analytes. Copyrights IOP Publishing 2019.5" (b) Implementation of ZnONWs into fiberoptic-based SPR biosensing platform aimed at the early detection
of prostate cancer. Copyrights Nature 2019.1%° (c) The glucose sensing performance of nanostructured ZnO SERS substrate for glucose in multiple

operation cycles using a photocatalytic cleaning approach for reusability. Copyrights AIP Publishing 202

electromagnetic and chemical enhancement factors are consi-
dered the mechanisms to achieve lower detection limits.">""*
Pal et al.">® reported the use of an Ag/ZnO NRs/Ag NPs SERS
composite for the detection of hemoglobin with a LOD of
10~7?* M (Fig. 2(c)). The growth of the ZnO 1-D nanostructures
on top of an ultrathin Ag film was carried out by hydrothermal
method.

Toward the characteristic LSPR behavior of a SERS platform,
the NRs array was loaded with Ag NPs (d = 4-30 nm) using
thermal evaporation. The proposed system exhibits high sensi-
tivity due to the synergy between the superhydrophobicity,
visible-driven LSPR, and high surface/volume ratio properties.
Furthermore, the subsequent UV photocatalytic degradation of
the adsorbed analytes by the SERS substrate was studied to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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explore the reusability and self-cleaning features of the bio-
sensor. By performing multiple cycles of sequential detection
and degradation, the reusable performance of the biosensor
was demonstrated, making this a promising alternative for PoC
technologies.

In addition, ZnO NRs/Ag NPs have been chemically obtained
inside the glass capillary of a microfluidic system by Hao
et al."™* for the SERS sensing of exosomes, single-stranded
DNA (ssDNA), and E. coli bacteria. In this work, an acousto-
fluidic (i.e., acoustic transducer and acoustofluidic micromixer)
hydrothermal synthesis approach was used to ensure precise
control over the spatial distribution and morphology of the 1-D
ZnO nanostructures (Fig. 3(a)). The same acoustic-assisted
principle was employed for the deposition of Ag NPs on the
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Fig. 3 (a) Acoustofluidic driven synthesis of ZnO NRs/Ag NPs microfluidic SERS platform for detecting various biological elements. Copyrights ACS

Publications 2020.2** (b and c) FDT simulation of the electromagnetic field modulation in ZnO NRs/Au NPs for photoelectrochemical detection of
glutathione. Proposed electron transfer mechanism along with the obtained metal—semiconductor interface. Copyrights RCS Publishing 2019.8 (d) Pbb

acetylene electric detection employing Au decorated ZnONWs. Copyrights ACS Publications 202

surface of the tridimensional ZnO matrix, controlling in this
way the hot-spot distribution. The resultant steric hindrance
properties of the NRs network translate into an improved
capability for separating the target analytes from the samples
allowing superior electrostatic interaction between the analytes
and the transducer. This is usually denominated in literature as

3696 | Mater. Adv., 2023, 4, 3685-3707

0.160

biological enrichment. The nanostructured capillary coating
displayed an improved label-free SERS performance due to
the substrate’s versatile and controllable structural design
and Ag NPs distribution. The electromagnetic enhancement
was also validated by computational simulations of the electric
field of the ZnO NRs/Ag array.
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Besides plasmonic materials contribution to optical biosen-
sing devices, their use is also recurrent in photoelectrochemical
(PEC) platforms."*® An example of this can be found in the work
of Dong et al.,'*® where the implementation of ZnO NRs/Au NPs
photoanode is used to detect glutathione (GSH) with possible
applications in early tumor detection. FDTD simulations were
performed to modulate the electromagnetic field enhancement
due to the LSPR mechanism when irradiated with visible light
(Fig. 3(b)). The electron transfer mechanism between the
composite and the analyte is represented in Fig. 3(c), where
the generation of electron-hole pairs in the ZnO matrix can be
observed. As the electron carriers are separated, the electrons
can migrate to the FTO collector, whereas the remaining holes
produce oxidized glutathione (GSSG). The incorporation of Au
NPs into the ZnO array increases visible light absorption and
generation of hot electrons, consequently promoting the PEC
application. Table 2 presents some recent works reporting the
use of ZnO plasmonic platforms for biosensing purposes.
Finally, it is worth mentioning that other types of plasmonic-
based sensors have been developed to detect volatile organic
compounds (VOCs) and other chemical compounds.'*>™>°
Miao et al.'® report using a ZnONWs film for the electric
detection of C,H, in the ppb concentration range (Fig. 3(d)).

As seen from all the mentioned works, developing promis-
ing biosensing technologies integrating plasmonic ZnO nano-
structures is a current effort where high sensitivity, selectivity,
reusability, and mass scalability are among the main goals to
achieve in order to have commercially available devices. Hence,
the implementation of these plasmonic systems is not limited
to biosensing applications but can also be extrapolated to
chemosensing, energy production, and photonic devices.

3.2 ZnO as chemiresistive ozone (O;) gas sensors

ZnO is the second most studied metal oxide semiconductor
aiming for application as a resistive gas sensor.**¢"'%% In 1962,
a ZnO thin film was the first material reported to change its
conductivity due to the interaction with a gaseous phase.'®
As with other wide bandgap materials, the high electron
mobility makes it a promising material for the development
of transparent electronics and gas sensing applications.'®*'¢
The easy and/or low-cost synthesis methodologies to prepare
ZnO, and the high sensitivity of the undoped material, compar-
able with the performance of materials commercially available,
make the ZnO a potential material for applications as a gas-
sensing layer.

Nowadays, implementing gas sensor technology becomes
essential to achieve a truly sustainable society with environmental
safety and quality of living conditions. Numerous studies high-
light the influence on human health and the environment of
certain air pollutants such as H,S, NO,, O3, CO, and some Volatile
Organic Compounds (VOCs)."**'%” Among the noxious species, O
is one of the most significant concerns because it influences
human health as well as damages ecosystems when above a
certain concentration level.'*®*®

According to the World Health Organization (WHO), even in
low concentrations (from 50 ppb), ground-level ozone might
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negatively impact human health. Despite its usefulness as a
disinfectant agent and to oxidize organic pollutants in water
treatment processes, the ozone can damage the tissues of the
respiratory tract, causing inflammation and irritation, leading
to respiratory diseases.'”'”*

In a recent study, Zoran and co-workers'”> reported the
relationship between ground levels of O; and NO, for COVID-19.
It was observed that the increasing O; ground level is directly
associated with a subsequent negative impact on human respira-
tory health, and also, the increase in COVID-19 cases was
confirmed.

ZnO-based compounds have been extensively studied for
the detection of various analytes.'’*'’* However, few of these
studies have been devoted to the detection of sub-ppm O; gas
levels. Another aspect that has been little addressed in studies
dealing with the application of ZnO as an O; gas sensor is the
synthesis method which would allow obtaining a gas sensor
device presenting the best sensing performance in terms of
sensitivity, working temperature, and selectivity. The develop-
ment of novel synthesis methodologies, which allowed to
obtain thin films and nanostructured ZnO exhibiting distinct
morphologies and particle sizes, has demonstrated the poten-
tial of ZnO in detecting sub-ppm levels of O; gas. Table 3
displays the O; sensing performance of ZnO obtained by
different chemical/physical techniques.

Chien and co-workers'”> grew 1-D ZnO NRs via the chemical
vapor deposition (CVD) method aiming at the application as a
gas-sensing layer to O;. Their results indicated that the NRs
exhibited a high sensing activity with a fast response and
recovery times at room temperature under UV illumination.
The superior sensor performance to O; detection was linked to
the low defect density and high electron mobility of the single-
crystal NRs. In another study, Acuautla and co-workers'’®
reported the O; sensing properties of commercial ZnO NPs
deposited onto a flexible substrate via the drop coating method.
They demonstrated that ZnO NPs exhibited an excellent
sensing performance to different Oz levels (5 to 300 ppb) at
an operating temperature of 200 °C.

Over the last decades, Katsarakis and co-workers employed
different methods to obtain ZnO nanostructures applied

2

Table 3 Gas sensing performance of ZnO obtained by different chemical
and/or physical techniques

Operating Minimum of O3

temperature  level detected
Processing method (°Q) (ppb) Ref.
CVD 200 280 35
Hydrothermal 250 60 90
RF-magnetronsputtering 300 60 27
Microwave-assisted 200 100 101
hydrothermal
Polymeric precursor method 250 33 86
Hydrothermal RT/UV 30 86
CVD RT 1000 86
Hydrothermal RT/UV 60 15
RF-magnetron sputtering 300 30 15
RF-magnetron sputtering 300 60 15

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as photoreduction O; sensors.'””"**! For instance, in 2007,
Katsarakis et al.'®* studied the effect of deposition time on
the morphological and sensing properties of ZnO nanostruc-
tures obtained via aqueous chemical growth. The authors
reported that the O; sensing performance of these nanostruc-
tures depends on surface morphology, substrate coverage, and
average thickness, which were influenced by the deposition
time. They conclude that the flowerlike nanostructured deposited
for 5 h exhibited significantly enhanced gas-sensing performance
towards O3, which was attributed to their higher surface-to-
volume ratio. The ZnO-based nanostructured gas sensor has
been prepared to employ various methods that yield unique
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morphologies, providing different sensing performances.
Among the techniques that can be used to obtain ZnO sensing
material directly on the flat substrate, such as the conventional
hydrothermal route, the polymeric precursor method, and RF
magnetron sputtering technique.

The hydrothermal method has been employed in processing
inorganic/ceramic powders at relatively low temperatures
(<200 °C). Some researchers have also used such a method
for growing a variety of highly c-axis-oriented materials directly
onto a substrate surface."®*'®* There are several studies on
applying the hydrothermal method to obtain textured films
with perpendicular orientation concerning the substrate
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Fig. 4 ZnO NRs film prepared via hydrothermal method. (a) Schematics illustrations of glass bottle used as an autoclave for hydrothermal chemical
reaction and the gas sensor device structure, (b) FESEM images of the sample cross-section, (c) sensing response at different operating temperatures,
(d) dynamic response-recovery curves as a function of the Oz gas level, and (e) Electrical resistance of the sample exposed to ozone gas during different
time intervals. Reproduced from ref. 192 with permission from the Royal Society of Chemistry.
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Recently, we devoted efforts to understanding the
short-range order structure and surface properties in ZnO and
Co,Zn, _,O thin films deposited on the substrate via the
chemical deposition method. In another work,"®” Cog.95Zn¢.950
thin film was deposited via spray-pyrolysis technique for appli-
cation as an O3 gas sensor. The sensing layer was observed to be
sensitive to ozone with a detection limit of around 20 pbb of O;
gas, demonstrating its potential as an O; gas sensor.
Although the deposition of thin films by chemical methods
offers advantages over physical processing techniques, including
low cost, simplicity, and a high degree of control stoichio-
metry.'®*'% It is well established that films deposited by physical
methods such as molecular beam epitaxy, pulsed laser deposition,
direct current (DC) magnetron sputtering, and RF magnetron
sputtering exhibit excellent micro- and nanostructural properties.
On the other hand, physical methods are usually performed
under vacuum conditions in a well-controlled atmosphere,
which implies high energy consumption and more expensive
equipment.'®® Substantial research has been conducted on the
fabrication of various nanostructured materials using RF mag-
netron sputtering for application in monitoring H,, NO,, and
0O; gases. However, this technique has not been well explored in
the development of O; gas sensors based on ZnO thin films.
In 2020, it was reported the effect of morphology on the O;
gas sensing properties of porous zinc oxide sputtered films."**
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These results show that both the porosity and the feature size
have an essential relation to the sensing performance. For
instance, the optimum sensing performance was found to be
at the apparent maximized surface area, indicating that the
sensitivity improvement can be controlled utilizing several
deposition parameters previously determined.

Although several researchers have investigated the ZnO as a
gas-sensing layer for harmful gases, a comparative study of the
latest developments in ZnO-based chemiresistive gas sensors
prepared via different methodologies for Oz detection is still
lacking. Motivated by these considerations, here is a back-
ground review of chemiresistive ozone gas sensors based on
ZnO nanostructured obtained via different physical and
chemical methods to investigate which synthesis method
allowed a better sensing performance in terms of operating
temperature and gas selectivity.

The growth of 1-D ZnO nanorods directly into interdigitated
electrodes via the hydrothermal method promoted an easy
integration of sensing components into the O; gas sensor
device for practical applications.'®> Fig. 4(a) shows the sche-
matics of the glass bottle used as an autoclave for a hydro-
thermal chemical reaction to obtain the ZnO nanorods onto a
gas sensor device. A detailed description of the synthesis
procedure can be found in ref. 192. The SEM micrograph and
gas sensing properties of ZnO nanorods grown by following this
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Fig. 5 Nanostructured ZnO thin film prepared via polymeric precursor method. (a) FESEM images (b) sensing response at different operating
temperatures, (c) material selectivity towards different gas analytes, and (d) dynamic response-recovery curves as a function of the Oz gas level.
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methodology are shown in Fig. 4(b-e). As can be seen in
Fig. 4(c), the 1-D ZnO NR-like structures exhibited a good
sensor response (S = ROB/Rai,) towards 0.1 ppm of O; gas at an
operating temperature of 250 °C. Additionally, it was found that
the ZnO NRs had good sensitivity to O; at room temperature
under UV illumination. This study aimed to provide a simple,
low-cost, and efficient processing method for obtaining O; gas
sensors based on hierarchical 1-D ZnO NR-like structures.
The polymeric precursor method also represents a relatively
low-cost alternative to achieve good-quality samples with
remarkable sensing properties by using a simple deposition
method such as spin-coating, dip-coating, and spray-coating.
In a previous report,'®® we described the synthesis of the pristine
ZnO and Co-doped ZnO nanostructured using the polymeric
precursor method. In this case, the obtained polymeric resin
was deposited on the SiO,/Si substrate via spin-coating. The
FESEM micrograph and gas sensing properties of pristine ZnO
thin film are shown in Fig. 5. These nanostructured thin films
exhibited an operating temperature of 250 °C, high sensitivity,
and excellent selectivity to O;. Also, the long-term stability was
evaluated for 9 months. Its good O; sensing performance was
attributed to the effect of Co ions on the ZnO electronic surface
properties and the increased oxygen vacancies concentration.
More recently, it was demonstrated that ZnO nanostructured
thin film deposited by a sputtering technique using a metallic
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Zn target could also be considered an excellent candidate for
O; sensing layers. The gas-sensing performance of ZnO film
towards O; gas and its microstructural properties are shown in
Fig. 6. As can be seen in Fig. 6(a), the nanostructured film is
formed by grains of a mean size of approximately 124 nm
grown over a continuous thin and densely packed layer.
Regarding the sensing performance, ZnO sputtered samples
were exposed to 0.9 ppm of O; for 15 s at different operating
temperatures, achieving the highest sensor response (S = 55) at
250 °C, as shown in Fig. 6(b). Fig. 6(c) presents the reversible
cycles of the response curve, indicating good stability and
reproducibility at 250 °C. The selectivity was also evaluated by
exposing the sensor to oxidizing (O; and NO,) and reducing
(CO) gases at 250 °C, as can be seen in Fig. 6(c). The values
found were around S = 55 for O3, S = 2.4 for NO,, and S = 1.2
for CO, demonstrating a good degree of ZnO-sputtered thin
film’s selectivity. Fig. 7 shows a schematic illustration of
the ozone-sensing mechanism of the ZnO rod-like crystals.
The sensing mechanism illustrated in Fig. 7 of the ZnO
nanorods upon exposure to O; gas can be explained by the
following reactions.'®® First, when the ZnO nanorods were
exposed to air, the oxygen molecules adsorbed on the semi-
conductor surface.

0,(g) — Oo(ads) 2)
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Fig. 6 ZnO thin film prepared via an RF-magnetron sputtering. (@) FESEM micrograph (b) sensing response at different operating temperatures,
(c) dynamic response-recovery curves to 0.1 ppm of ozone, and (d) material selectivity towards different gas analytes.
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Fig. 7 FESEM image of ZnO nanorods synthesized via a hydrothermal
method and the schematic ozone sensing mechanism.

The oxygen molecules capture free electrons from the ZnO
conduction band, forming oxygen anions. At an operating
temperature of 200 °C, the ionic O™ species have been reported
as dominant.

O,(ads) + 2e~ — 207 (ads) (3)

Upon exposure to O3 gas, Oz molecules adsorbed and reacted
on the ZnO surfaces, as shown in the following reactions.

0;3(g) + e~ — — 03 (ads) (4)
O; (ads) + O™ (ads) + 2e” — Oy + 20, (ads)  (5)

This reaction widens the depletion-layer in the ZnO surface,
hindering the flux of charge carriers, and resulting in an
increase in the electrical resistance when the sensing material
is exposed to O gas.'®?

Table 4 compares the sensing performance of gas sensors
based on ZnO nanostructures synthesized by different synth-
esis methods when exposed to 15 s to 0.9 ppm of ozone at a
working temperature of 250 °C. The gas-sensing experiments
revealed that the RF-sputtered ZnO sample exhibited a superior
gas-sensing response compared to the ZnO prepared by the
other two methods. The response and recovery time were also
compared, and the three samples presented a fast response
time and total reversibility; however, the thin film sample
prepared via the polymeric precursor method showed the

Table 4 Sensing performance of ZnO nanostructured obtained by dif-
ferent methods

O3 sensor response Response Recovery

Preparation method (Rgas/Rair) time (s) time (s)
Hydrothermal 2 3 5
Polymeric precursor method 9 10 60
RF-magnetron sputtering 50 8 4
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highest recovery time. Indeed, the morphology, thickness,
and microstructure of the ZnO sensing layer play a key role in
obtaining superior gas-sensing properties. In overview, the
preparation method can influence the gas sensing perfor-
mance, since the sensor response depends on sensitive films’
physical and chemical properties. Therefore, a good knowledge
of the details of the preparation method will undoubtedly allow
for obtaining more efficient gas sensor devices with specific
sensing properties.

Conclusions and perspectives

As has been discussed in the present work, the use of ZnO-
based nanomaterials in various fields of applications provides
promising results due to the versatile properties of the material.
Still, challenges and goals are yet to be addressed for the
practical implementation of these systems, implying future
research and development.

Compared to other materials, ZnO photocatalytic applica-
tions thrive in their cost effectiveness, band structure, and
tunable morphology. Even so, its band gap and carrier recom-
bination rate are among the main limitations of its performance
in solar-driven photocatalysis. Thus, doping, metallization, and
nanostructure formation strategies are widely reported in the
literature to improve catalytic activity. For instance, substitutional
doping in ZnO with Ce*, Cu®, or Ag>" (with or without the
participation of co-dopants) ions improves the photocatalytic rate
for hydrogen production. Nevertheless, it is vital to have precise
control over doping processes since it can be responsible for
counterproductive effects on performance, such as the generation
of recombination centers or states with low reductive potential.
Doping has also proved to be an efficient way to reduce particle
size and then increase the surface area available for photocatalytic
reactions.

Furthermore, recent trends in this field include the devel-
opment of hybrid ZnO-based nanostructures, which can be
achieved using organic/inorganic porous or texturized matrixes
as substrates in low-temperature solutions and electrochemical
growth techniques. Biogenic approaches for the environmental
synthesis of nanostructured ZnO platforms have also been
explored. These works report a significant increase in surface
area available for photocatalytic reactions. Additionally, many
authors have leveraged the precise morphology of ZnO nano-
scaffolds to control the spatial distribution of novel metal NPs
in plasmonic-enhanced photocatalytic substrates. Efficient
charge separation, Schottky union formation, hot electron
generation, and improved mass transfer from the media to
the catalyst are among the main mechanisms responsible for
extended photocatalysis in ZnO: metal composites over a wide
range of visible spectrum illumination.

On the other hand, the transducer behavior of nanostruc-
tured ZnO has been exploited for the development of bio-
sensing systems. This is because the material contributes in
terms of surface area increment and tunable biofunctionaliza-
tion with a wide variety of biorecognition layers. In this way,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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integrating hybrid systems composed of plasmonic metals and
ZnO nanostructures has stood out in the field of optical and
electrochemical biosensing. Thus, contributing to common
limitations of noble metals, such as lack of adhesion. Imple-
menting ZnO nanostructured morphologies into surface plasmon
resonance (kresshman and fiber optic configurations), SERS, and
microfluidic biosensors have been demonstrated to improve
sensing performance both in terms of selectivity, sensitivity, and
reusability. All of the formerly mentioned achievements could be
targeted toward high-impact diseases and the development of
point-of-care technologies.

Finally, undoped ZnO layers are also suitable gas sensing
materials required for environmental safety and assuring live
wellness. On this matter, O3 has significant relevance due to its
environmental and health impact, and its detection in sub-ppm
concentrations remains challenging. Therefore, studies on
the sensing performance of ZnO materials towards O; are not
near to being exhausted but are yet to be explored in detail.
Currently, low-defect density, high-electron mobility, high
surface-to-volume ratio, porosity, and crystallinity are among
the relevant factors affecting the chemoresistance of ZnO-based
sensors. Both physical and chemical synthesis techniques have
been proven to obtain ZnO micro and nanostructures with
controlled and suitable properties for O; sensing applications.
This sometimes allows the platforms to accomplish good selec-
tivity and total reversibility. Nevertheless, low-temperature
solution-based techniques that allow the growth of ZnO nano-
materials on electrodes promise to be a simple and low-cost
approach to integrate these materials into practical gas sensors.
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