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ARTICLE INFO ABSTRACT

Keywords: Zinc oxide (Zn0), a direct, wide band gap and n-type metal oxide semiconductor, is being anticipated as the next
Zn0 generation functional nano-material towards remarkably diversified sensing applications. ZnO and its composites
]S:nsor;. | have revealed a new era in the fabrication of sensors owing to their excellent opto-electronic, physicochemical,
E:i/Tanlr:laental monitorin electrical properties such as low dielectric constant, plentiful Zn-O bonds, high luminous transmittance, good
Solar cell & physicochemical stability, huge excitation binding energy, non-toxicity, biocompatibility, large surface area to
Photodetector volume ratio and so on. This comprehensive review summarizes the applications of ZnO nano-structures in the

areas of environmental monitoring, biomedical, and optical sensing. Fundamental sensing mechanisms of the
ZnO based sensors are examined to provide a better insight into the role of ZnO in each of these sensors.
Wherever relevant, limitations of the existing approaches and future outlook have also been discussed.

1. Introduction

Recognition of analytes such as biomolecules, pollutants, explosives,
heavy metal ions etc. is important in improving the superiority of human
life in terms of disease identification-management and environmental
protection. This has steered to the scientists to stress upon developing
the cost-effective sensors with good sensitivity, selectivity, reproduc-
ibility, low detection limit, and long-term durability. A sensor is an
analytic device that quantitatively or semi-quantitatively transforms the
information about the presence of a physical (like gas, temperature, light
intensity) or chemical species (analyte) to a computable signal. Its
functioning contains two important stages: (a) recognition and (b)
transduction. In the course of recognition, the analyte interacts with the
receptor molecules or the active sites involved in the structure of the
recognition element of the sensor while the transducer translates this
event into a suitable signal like resistance, potential or current [1-4]. In
past decades, several nano-materials like metal and metal oxide semi-
conductors based sensors [5-10] have been affirmed to meet the rising
demand of the bio/chemical sensors in numerous arenas such as clinical,
food safety, environmental monitoring etc.
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On the other side, solar energy, a gift of nature in different forms and
phases, is gaining interest among the research community with the
development of different several technologies. One major application to
utilize solar energy is the photovoltaic cells [11]. Photovoltaic cells, in
its different form of structure are researched extensively to obtain better
efficiency at an optimum condition. Although high efficiency can be
achieved with Si based solar cell, but the availability of high quality Si
single crystals is quite difficult which in turn reduces its application
potential and increases the cost. So, to reduce the cost poly-Si or
amorphous-Si, CIGS, CdTe are solar cell were extensively researched
[12]. Though the efficiency obtained by these types of solar cell was less
in comparison to conventional Si solar cell, but their application as an
absorber in the solar cell opens a new era of research along with the
exploration of the potential of different nanostructure like nanowires,
nanotubes, nanoparticles etc. [13]. Also different types of solar cell like
homo or hetero junction, dye sensitized, perovskite are widely
researched to find the optimum device parameters and to enhance the
photovoltaic performance [14-15]. Among them perovskite and
dye-sensitized solar cell are now gaining interest among the researchers
due to their high photovoltaic performance, low fabrication cost and
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abundance. Perovskite solar cell (PSCs) consists of mainly a metal oxide
layer with a perovskite sensitized material, a hole transport layer and a
metal electrode. Oxide layer plays a significant role in determining the
efficiency of the solar cell, whereas the oxide layers are used for creating
effective path for charge generation, carrier transport and utilizing high
surface area for dye absorption. A careful design and deposition of oxide
material with high mobility are very important to obtain a solar cell with
high efficiency. Alternatively, photo-detector is another type of photo
sensing device which converts the incident light into electrical signal
where the sensitivity of the detector is a major determining factor while
evaluating the device performance. UV light sensing is widely associated
with our daily life including missile, optical communication, and
biomedical applications [16]. Hence, there is an urgent need towards
development of the photodetectors.

Nanotechnology has appeared as one of the most exciting forefront
fields. Diversity of nano-materials of numerous morphologies, chemical
compositions with the prerequisite surface properties, crystalinity and
so on had steered to their usage in the chemical and optical sensing
applications [17-19]. In this aspect, semiconducting metal oxides such
as Zinc oxide (ZnO), has engrossed significant consideration as a next
age-band functional nano-material for sensing applications due to their
brilliant electronic, physico-chemical, catalytic and optical properties
[20-21]. ZnO, a direct, wide band gap (3.37 eV) and n-type semi-
conductor shows excellent properties like plentiful Zn-O bonds, low
price, low dielectric constant, high luminous transmittance, good
physicochemical stability, huge excitation binding energy (60 meV),
non-toxicity, good piezoelectric property, biocompatibility, high elec-
tron mobility, large surface area to volume ratio [22-25]. Apart from the
above applications, ZnO can also be used as a main constituent element
for sunscreen and different healing ointments due to it’s anti-microbial
and UV light absorbing properties. With the rapid development in the
technology, different nano structures developed for ZnO, can be used in
different applications where specific porosity, roughness, size and
morphology is required. All the above properties described above
mainly depends on the deposition properties like the elements present
on the solution, pH of the solution, temperature of the deposition
environment and aggregation tendency [26]. ZnO reveals two phases,
(a) hexagonal wurtzite and (b) cubic zinc blende phase. Among these
two phases, the wurtzite phase is more stable at ambient conditions and
provides ease in the growth of ZnO with the adaptable morphologies.
The tetrahedral coordination of the atoms in the wurtzite directs to
non-centro symmetric crystal structure with Zn>* and 0%~ polar surfaces
resulting in piezoelectric properties that help to employ these nano-
structures in mechanical actuators, sensing devices. Bulk ZnO possesses
high Young’s modulus of ~ 150 GPa and admirable temperature sta-
bility upto ~1800°C [27-28]. Another suitable application of ZnO
nanostructures is photo detector, mainly for the sensing of UV lights due
to its preferable opto-electronic properties like wide band gap, high
binding energy, photo absorption in UV range, and high surface area to
volume ratio. Also by using ZnO nanostructures and after doping with
different materials, the photocurrent can be improved, which in turn
improves the sensitivity of the detector [29-30].

So far, various methods like hydrothermal, solvothermal, sol-gel, co-
precipitation, solid-state, combustion, electro-spinning, template-assis-
ted growth, chemical vapor deposition etc. have been established to-
wards the synthesis of ZnO nanostructures. Every synthesis route has its
own benefits and intrinsic restrictions. Most of these synthesis ap-
proaches include surfactants or templates for the preparation of ZnO
nanostructures. Elimination of organics from the nano-structures is a
major issue and affects the reproducibility of analysis while the physical
vapor methods, like RF and DC sputtering, enable the possibility of
engineering 3D hierarchical ZnO structures without the use of surfac-
tants or template [31-32].

This review delivers a compact knowledge on the applications of ZnO
nano-structures in the area of biomedical, environmental and optical
sensing concurrently. Fundamental sensing mechanisms of the ZnO
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nano-structure are systematically conferred to provide better insight
into how ZnO ascribed in each sensor. Also, the limitations and the ways
to improve the sensitivity of ZnO nano-structures as different types of
sensors are described in an elaborated manner. This will facilitate the
research communities to have a better overview about the potential of
ZnO nano-structures, its diverse application as different types of sensors.

2. Applications of ZnO nano-structured based devices for
chemical sensing

2.1. Biomedical applications

Biomolecules such as glucose, urea, dopamine (DA), ascorbic acid
(AA), uric acid (UA), hydrogen peroxide (Hy03), DNA, proteins like
myoglobin (Mb), troponin, cancer antigen 125, prostate specific antigen
(PSA) etc. play an important role in several disease developments; e.g.,
excessive level of UA in the blood has been related to arthritis, heavy
hepatitis, gout, neurological, and renal diseases whereas DNA damage
causes the risk of Alzheimer’s and cancer [33-38]. Hence, early recog-
nition of these biomolecules is of utmost significance in disease identi-
fication along with treatment. Because of remarkable physico-chemical,
electronic, photochemical properties like biocompatibility, non-toxicity,
huge specific surface area, quick electron transfer rate, and chemical
stability, ZnO based nanomaterials have been broadly utilized as a
sensing material towards the fabrication of various sensors [33,39].

2.1.1. Recognition of glucose

Checking of glucose levels in human blood, tear, urine, and/ or saliva
is essential for diagnosis and controlling of diabetes mellitus. Determi-
nation of glucose can be realized by using glucose oxidase (GOx) enzyme
as arecognition element [3,40-41]. Baruah et al. [42] demonstrated the
Co-Fe doped ZnO based electrode for the enzymatic sensing of glucose
where this composite was prepared via the hydrothermal method. In
enzymatic glucose sensor, recognition was done through the production
of HpO; resulting from the redox reactions of GOx. The GOx modified
Co-Fe doped ZnO sensor showed almost two folds greater sensitivity
(32.2 pA mM ! em™2) than only ZnO based sensor over the linear range
of 0-4 mM of glucose with detection limit of 0.27 mM, acceptable
selectivity over cholesterol, UA and response time of 6.21 s. This
enhanced performance of the composite based biosensor was ascribed to
an enhanced electro-active surface area for loading of enzyme origi-
nating from the reduced crystallite size of the composite, improved
charge transfer kinetics resulting from the presence of defect states into
ZnO band-gap. Anusha et al. [43] developed the chitosan (CS)-Pt NPs
decorated porous ZnO nanostructure based enzymatic sensor for glucose
detection. The GOx immobilized ZnO-Pt-CS based biosensor showed a
good sensitivity of 62.14 pA mM ! em 2 and limit of detection (LoD) of
16.6 pM over the linear range of 100 pM - 2 mM of glucose. GOx was
encapsulated within the CS, partly based on electrostatic interaction
between the positively charged CS and negatively charged GOx with
enhanced catalytic properties. Ridhuan et al. [44] presented the Pt
nanodendrites decorated ZnO nanorods for enzymatic glucose sensor
where the Pt nanodendrites with an average size of ~ 40 nm were
prepared by the chemical reduction technique. The GOx immobilized
composite based biosensor displayed a sensitivity of 98.34 pA mM
cm ™2 over the linear range of 0.05-1 mM glucose with low detection
limit of 30 pM, decent stability of 1 month and specificity over uric acid
and ascorbic acid. The sensor was validated through detection of glucose
in real human blood samples. Yang et al. [45] reported the Cu-ZnO
nano-thorn array for non-enzymatic, photoelectrochemical sensing of
glucose in neutral solution. This sensor revealed good photo-activity,
good sensitivity of 63.76 yA mM ' cm™2 over the linear range of
0.1-4.5 mM, with a limit detection of 3.762 pM, decent stability of 16
days, repeatability and selectivity over DA, AA and UA. The practicality
of this sensor was assessed through detection of glucose in human serum
samples. The excellent performance of this electrode was ascribed to
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good conductivity and high electro- active area of Cu-ZnO composite.
Furthermore, the Schottky junction was formed between the trunk of Cu
nanorods and the branches of ZnO nanowires, thus easing the separation
of photo-generated electrons and holes. Awais et al. [46] described the
vertically aligned Au-ZnO nanorods based non-enzymatic glucose
sensor. This glucose sensor showed a high sensitivity of 4416 pA mM
cm™2 over the linear region of 0.001-15 mM, with a limit detection of
0.12 pM, satisfactory stability of 15 days, reproducibility and good
specificity over DA, CA, fructose, AA and UA. The applicability of this
sensor was evaluated through detection of glucose in human blood
samples. The distinctive hexagonal Au-ZnO nanorods with enhanced
surface area improved the electrochemical properties towards glucose
oxidation. Vinoth et al. [47] demonstrated the ZnO quantum dots with
~ 3-8 nm diameters supported multi-walled carbon nanotubes
(MWCNTSs) based electrode for non-enzymatic glucose sensing. The ZnO
quantum dots -MWCNTs composite based sensor exhibited have a
sensitivity of 9.36 pA uM~! over the dynamic range of 0.1 - 2.5 pM
glucose with good repeatability, low detection limit of 0.208 puM, fast
response time (< 3 s), good stability of 30 days and selectivity over
sucrose, AA, DA and UA. This developed sensor was effectively used to
sense glucose in human urine samples with recovery% of 98-102.1%.
Imran et al. [48] developed the graphitic carbon nitride
(g-C3N4)-Pt-ZnO composite for non-enzymatic recognition of glucose
where the Pt- g-C3N4 was synthesized by the pyrolysis technique.
Glucose was sensed via oxidation at a low potential of +0.20 V (vs.
Ag/AgCl). The sensor exhibited a sensitivity of 3.34 yA mM ™! cm™2 over
the dynamic range of 0.25-110 mM glucose with good repeatability, low
detection limit of 0.1 pM, rapid response time (5 s), good stability of 60
days and selectivity over fructose, galactose, riboflavin, bilirubin, biotin,
NacCl, KCl, H20,, UA, serotonin and epinephrine. The fabricated sensor
was assessed in human blood, serum and urine samples. This economical
sensor was 4 time reusable in whole blood without deterioration in its
activity. Manna et al. [49] presented the CuyO-ZnO composite based
non-enzymatic glucose sensor where the composite was synthesized by
the one-step co-electrodeposition method. This sensor displayed a good
sensitivity of 441.2 pA mM~! ecm ™2 over the linear range of 0.02-1 mM
glucose with a detection limit of 0.13 pM, fast response time (< 3 s),
acceptable specificity over AA, DA, UA, good reproducibility and sta-
bility of 34 days. This excellent performance was due to direct electron
transfer between the active sites and the electrode resulting from its
conjugated nanostructures. Zhou et al. [50] reported the hexagonal
structured ZnO nanorods modified flexible non-enzymatic electro-
chemical sensor for recognition of glucose where the ZnO nanorods were
hydrothermally grown on bendable stainless steel wire sieve electrode.
The electro-catalytic properties of the sensor towards glucose were
visibly boosted with ultraviolet treatment introduced in the course of the
sensing experiments as it endorses the generation of holes in the ZnO
nanorods, thus increasing the amount of hydroxyl. Consequently, more
hydroxyl reacts with glucose and further the electron yield of the glucose
sensor is notably increased, thus the sensitivity of the glucose sensor is
raised from 36.4 pA mM ! em 2 to 91.8 pA mM ! em 2 Moreover, this
sensor exhibited good sensitivity with excellent specificity towards other
common interfering biomolecules such as d-galactose, fructose, urea,
UA, AA, l-phenylalanine, NaCl, and KCl. Validation was done through
successful detection of glucose concentrations in human serum samples.
Wagas et al. [51] demonstrated the 3D Ni(OH); nanosheet - coated
marigold-like ZnO microflower (mg-ZnO@Ni(OH); NSs) composite for
the non-enzymatic sensing of glucose wherein this composite was pre-
pared by a one-pot solvothermal route. This sensor exhibited a high
sensitivity,low limit of detection of 0.06 uM with good stability and
selectivity. This sensor was validated via successful detection of glucose
in human serum samples.

2.1.2. Recognition of urea
Urea, an organic compound is one of the ending products of protein
metabolism. Sensing of urea is vital in biomedical arena because its
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timely recognition benefits us to avoid numerous hepatic and kidney
diseases [52]. Determination of urea can be realized by using urease
enzyme as a recognition element. Ahmad et al. [53] reported the
directly grown vertically aligned ZnO nanorods on the Ag sputtered
glass substrate for the enzymatic urea sensing where ZnO nanorods were
grown via a low temperature solution method. The urease immobilized
ZnO nanorods based sensor showed a great sensitivity of 41.64 pA mM !
cm~2 over the wide linear region of 0.001-24 mM urea, with a low
detection limit of 10 uM, stability of 20 weeks and satisfactory selec-
tivity over glucose, UA, cholesterol and AA. This improved performance
of the biosensor was attributed to high specific surface area, thus of-
fering high enzyme loading and improved sensor efficacy. But this
biosensor was not validated for practical applications. Rahmanian et al.
[54] described a disposable urea biosensor based on the nanoporous
ZnO film fabricated from omissible polymeric substrate, polyvinyl
alcohol (PVA).The sensor showed a high sensitivity of 0.0506 kQ per mg
dL™? for urea detection over the range of 8.0-110.0 mg dL~! with the
limit of detection of 5 mg dL !, rapid response time (<10 s) and storage
stability of 5 weeks. This developed sensor was used to sense urea in
serum samples. Babitha et al. [55] demonstrated the ZnO- reduced
graphene oxide (rGO) composite for the non-enzymatic sensing of urea
wherein the composite was synthesized by a green synthetic route via a
sequence of bio-templates like dextrose, sucrose, soluble starch, and
carboxy methyl cellulose. This sensor revealed an excellent sensitivity of
682.8 pA mM ! cm ™2 towards urea over the concentration range of 0.02
- 7.2 uM with a detection limit of 0.012 uM. But this sensor was not
authenticated for practical applications. Yoon et al. [56] developed the
Ag-ZnO nanostructures based C electrode for non-enzymatic recognition
of urea wherein the Ag-ZnO nanorods and nanoflakes with various
crystallographic orientations were prepared by a combination of sputter
deposition and solution growth method as depicted in Fig. 1 (a-c). Fig. 1
(d) displays the amperometric responses of the Ag-ZnO nano-
rods/carbon paper and Ag-ZnO nanoflakes/carbon paper electrodes at
different potential from 0.35 - 0.70 V vs. Ag/AgCl on in the absence and
presence of 0.33 M urea in 1 M KOH of electrolyte. The Ag-ZnO nano-
rods/carbon paper electrode exhibited a higher current density (12 mA
em~2 mg™!) than the Ag-ZnO nanoflakes/carbon paper electrode at all
potentials which was due to higher surface area (169 cm? mg’l), thus
offering higher current densities towards electro-oxidation of urea at
very low onset voltage of 0.41 V vs. Ag/AgCl. Kushwaha et al. [57]
presented the ZnO encapsulated polyaniline-grafted CS composite for
potentiometric urea sensor. This sensor exhibited a sensitivity of 187.5
pv ppm_1 em™ 2 over concentration range of 20 - 500 ppm or 0.3 - 8.3
mM with a low detection limit of 29.84 ppm, good stability of 8 weeks,
specificity over glucose, UA, AA, lactic acid and cholesterol. This
developed sensor was validated through detection of urea in human
blood serum samples.

2.1.3. Recognition of DA

Sensing of DA levels is important in clinical diagnostics as it is a vital
excitatory neurotransmitter released by the brain. Its unusual levels
roots the progression of a number of neurological diseases including
Alzheimer’s, Parkinson’s, and Huntington’s disease, schizophrenia, drug
addiction etc. Detection of DA can be realized by using tyrosinase
enzyme as a recognition element [58]. Zhihua et al. [59] reported the
carbon-ZnO microfiber for dopamine sensing in pork wherein the
composite was prepared using the hypha of Penicillium expansum as
economical and green template. The coaxial structure was formed via
the attachment of Zn?" on the surface of hypha through coordination
and electrostatic interactions. This sensor revealed good selectivity over
AA and 5-hydroxytryptamine, reproducibility, and stability of 1 month
with a detection limit of 0.106 pM. Two linear ranges were achieved
from 0 - 50 and 50 - 300 pM. The applicability of the carbon-ZnO
microfibers based sensor was examined by the fruitful detection of DA
in pork with recovery% of 96.85% -104.51%. Li et al. [60] described the
ZnO nanorods-rGO composite based DA sensor where this composite
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Fig. 1. SEM images of (a) ZnO nanorods and (b) ZnO nanoflakes, and diagram of obelisk shaped (c) ZnO nanostructures, (d) Amperometric responses at different
potential from 0.35 to 0.70 V vs. Ag/AgCl on Ag-ZnO nanorods/carbon paper and Ag-ZnO nanoflakes/carbon paper electrodes in the absence and presence of 0.33 M
urea in 1 M KOH of electrolyte. Reprinted with permission from [56].

was prepared via hydrothermal treatment followed by an electro- improved performance of the sensor was accredited to its enhanced
chemical reduction. This sensor showed a great sensitivity of 28.452 pA electro-active surface area and lowered the electron transfer resistant
uM ™! ecm ™2 over the two linear regions (0.01— 6 pM and 6 — 80 pM) of towards DA oxidation. But this sensor was validated for recognition of
DA, with a low detection limit of 3.6 nM, stability of 2 weeks and DA in human serum samples with decent recoveries (97.3-104.8%).
satisfactory selectivity over common amino acids, UA, and AA. This Firooz et al. [61] demonstrated the Cu doped single phased,
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Fig. 2. DPVs of the 50% Cu doped ZnO based sensor for different concentrations of DA in the range of 0.1-20 pM in 0.04 M BR solution (pH 2.0), (B) The linear
calibration plot of the the peak current vs. DA concentration, for the 50% Cu doped ZnO based sensor. Republished with permission from [61].
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hexagonally ZnO plates for DA sensing where the composite was syn-
thesized by the hydrothermal route. The electrode modified with the
50% Cu doped ZnO displayed the most encouraging performance with
extraordinary stability over a wide range of pH values (2-8 pH). Fig. 2.
(A) depicts the differential pulse voltammograms (DPVs) of the 50% Cu
doped ZnO based sensor for different concentrations of DA in the range
of 0.1-20 pM where the peak current increases with increasing con-
centration of DA because of the electro-oxidation of DA at this electrode
surface. Fig. 2. (B) portrays corresponding calibration plot for various
concentrations of DA. The sensor was able to detect low concentration of
DA of 55 nM with a high sensitivity of 2630 nA pM~'. This good per-
formance of the sensor was due to high electrochemical active surface
area of the electrode, an enhanced diffusion process of DA molecules at
the electrode surface where the redox reaction occurred and greater
catalytic activity resulting from the formation of droxyl functional
groups on the electrode surface. But this sensor was not validated for
practical applications. Gu et al. [62] presented the gold (Au) NPs
functionalized ZnO-rGO composite based portable DA sensor where the
composite was synthesized by wet-chemical route followed by electro-
deposition. This sensor showed a wide linear range of 0.5 pM-100 pM
and a low detection limit of 0.294 pM with decent stability and
reproducibility.

2.1.4. Recognition of UA

Sensing of UA levels is essential in medical diagnostics as it is a vital
biomarker and the ultimate product of purine metabolism in the human
body. Insufficient supply of UA causes symptoms of diabetes mellitus,
multiple sclerosis while greater levels of UA result in diseases like
obesity, gout, arthritis, heavy hepatitis, neurological, cardiac and renal
diseases. Recognition of UA can be realized by using uricase enzyme as a
recognition element [63-64]. Liu et al. [65] developed single ZnO
nanowire-based field effect transistors (FET) for enzymatic sensing of
UA as displayed in Fig. 3. (a) where Fig. 3. (b) illustrates the optical
image of it. The electrodes were passivated by polymethyl methacrylate
(PMMA) to minimize the leakage current and eradicate the influence of
metal-nanowire contact region thus confirming that the entire
conductance changes originated from the nanowire only. Fig. 3. (c)
exhibits the drain current (Igs) vs. drain voltage (Vg4s) characteristics of
this biosensor acquired as a function of several gate voltages (Vy),
signifying that the gate effect was a sign of an n-type semiconductor. The
on/off ratio and transconductance were found to be ~4.6 x 10° and
~8.2 ns respectively. This biosensor was able to detect UA of as low as 1
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pM over the region of 1 pM - 0.5 mM. But this sensor was validated for
recognition of UA in real environs. Ali et al. [66] presented the ZnO
quantum dots based UA electrochemical biosensor wherein the ZnO
quantum dots with an average size of 4-6 nm were prepared by the
precipitation technique. This three electrode based electrochemical
biosensor was effectively fabricated on a flexible substrate, polyimide
via screen printing method. Uricase immobilized this ZnO based sensor
exhibited a good sensitivity of 4 pA mM ™' cm ™2 over the linear region of
1-10 mM with detection limit of 22.97 pM with good reproducibility.
ZnO quantum dots amplified the surface area for the immobilization of
uricase and sustained its bioactivity too. This sensor was also validated
for recognition of UA in human urine samples with decent recoveries
(96-104%). Ramya et al. [67] reported the ZnO nanoparticles based
non-enzymatic UA sensor where the ZnO nanoparticles were prepared
by crude black pepper seed extract as a stabilizing, capping, and
bio-reducing agent, using inexpensive microwave irradiation method,
optimized with three microwave irradiation times (5, 10, and 15 min).
The ZnO NPs achieve from irradiation for 10 min showed the best
crystallinity with flake-shaped morphology and an average size of 30 nm
which subsequently used for successful UA sensing via electro-oxidation.
In the course of catalytic oxidation of UA, Zn (II) was electrochemically
oxidized to Zn (III), that was represented as an electron delivery system.
This sensor revealed a good sensitivity of 40.485 pA mM " cm ™2 over
the linear region of 50-500 pM of UA, with a low detection limit of 1.65
pM, stability of 24 days and reproducibility. This excellent performance
was due to an increase in electron transfer rate originating from the
enhanced crystallinity, and non-aggregated flake shaped with
sharp-edged morphology of ZnO, mono dispersibility along with its high
surface area. But selectivity of this sensor was not checked. This
improved performance of the sensor was accredited to its enhanced
electro-active surface area and lowered the electron transfer resistant
towards UA oxidation. But this sensor was validated for recognition of
UA in real environs. Alam et al. [68] described the doped ZnO-Ag,0--
Co304 nanoparticles based UA sensor where the composite was prepared
by the co-precipitation technique. This sensor showed a high sensitivity
of 82.3323 pA uM ! cm™2 over the linear region of 0.1 nM-0.01 mM of
UA, with a very low detection limit of 89.14+4.46 pM, a decent response
time of 22 s, stability of 7 days, selectivity and reproducibility. The
practicality of this sensor was tested through for determination of UA in
mouse serum, urine samples, and rabbit serum samples with satisfactory
recovery% of ~100-123%. Veerla et al. [69] demonstrated the photo-
responsive UA sensor by straight writing of ZnO pencil on paper using
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Fig. 3. (a) Diagram of single ZnO nanowire based FET biosensor, (b) optical image of biosensor and (c) I4—Vgs characteristics under varying Vg,Vds = —1 V.

Reproduced with permission from [65].
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the brilliant UV sensing feature of ZnO. This sensor displayed a good
sensitivity of 1.99 pM~! and LoD of 38.4 M over the range of 100-450
pM of UA. In the presence of UA, the photogenerated electrons from ZnO
under UV illumination get trapped by oxygen present in UA because of
its oxidation in atmospheric air. With the increasing concentrations of
UA, the oxidation of UA resulted in more photo-generated electron
traps, thus leading towards further reduction in the photocurrent.
Eryigit et al. [70] reported the electrochemically rGO/zinc oxide
(ErGO-ZnO) composite based UA sensor where this composite was
synthesized by one-step electro-deposition method. This sensor exhibi-
ted a high sensitivity, low detection limit, good selectivity over AA,
glucose, and other metal ions with decent repeatability, and stability of
20 days. A high analytical performance of this sensor was attributed to
enhanced conductivity, enormous specific surface area of the composite.
It was also able to sense UA in serum samples with recovery% of
97.4-103.2%. Samoson et al. [71] demonstrated the flexible laser
induced Au NPs-chitosan-porous graphene based sensor for uric acid
detection. This sensor showed a low the limit of detection of 0.33 pM
over two linear ranges of 1-30 pM and 30-100 pM with a high sensi-
tivity, good reproducibility and specificity. This composite based sensor
unveiled an enhanced electrical conductivity and electrocatalytic ac-
tivity toward the oxidation of UA. This sensor was validated through
detection of UA in blood serum with recoveries between 86.6 + 0.6 and
94.7 + 0.4%.

2.1.5. Recognition of Hz02

Detecting H,05 levels is indispensible as it is widely used as a crucial
intermediary in food, environmental, and pharmacological industries.
Overproduction of HyO5 results in the development of numerous dis-
eases including cancer, diabetes, Parkinson’s, Alzheimer’s, and alco-
holic liver disease. Recognition of HyO, can be realized by using
horseradish peroxidase enzyme as a recognition element [72]. Khan
et al. [73] developed the Co doped ZnO nanoparticles based
non-enzymatic HyO, sensor where this composite was synthesized by a
thermal technique. This sensor was able to determine H,O5 as low as
14.3 pM via its electro-catalytic reduction over the range of 5 — 30 mM
with a sensitivity of 92.4444 yA mM~! cm™2. But the applicability,
stability, reproducibility and selectivity of the sensor were not checked.
Ke et al. [74] presented the Pt-ZnO nanotubes modified sensor for the
recognition of HoOy where the tubular structure of Pt-ZnO composite
and the homogeneous distribution of Pt nanoparticles were prepared by
one-pot electro-spinning of bipolymer, polyacrylonitrile and polyvinyl
pyrrolidone in the presence of zinc acetate and chloroplatinic acid,
followed by the calcination of nanofibers. An optimization study was
done on the Pt/Zn molar ratio, to check its catalytic activity towards
H30, reduction. The composite electrode with the Pt/Zn ratio of 1:3
showed the best catalytic performance, towards HyO» sensing over the
linear range of 20 pM — 5 mM with LoD of 1.5 uM and a sensitivity of
3.94 pA mM ! and good selectivity over glucose, AA, UA and nitrite.
This excellent performance was conceivably because of high electrical
conductivity, enhanced electron transfer and great specific surface area
of the Pt-ZnO nanotubes. But the applicability, stability, and reproduc-
ibility of the sensor were not checked. Rashed et al. [75] reported the
mesoporous carbon doped ZnO composite based non-enzymatic HoOy
sensor where this composite was prepared by a F127 structural template
agent in a modified sol-gel process followed by an ultra-sonication
method. This sensor exhibited a high sensitivity of 0.04648 pA pM ™!
cm~2 with low detection limit of 6.25 uM over the linear range of
detection of 50 - 981 uM H30», good reproducibility, storage stability of
10 days, selectivity over nitrite, glucose etc. This enhanced performance
of the sensor was attributed to (a) presence of more active site for ease in
diffusion of HpOy molecules resulting from its porous nature with
smaller grain size, (b) huge specific sureface area originating from its
nanostructure without any agglomeration, and (c) good electrical con-
ductivity due to reduction in band gap from 3.19 (pristine ZnO) to 2.72
eV (composite). Besides, the fabricated sensor was validated through
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determination of HyO> in tap water and milk samples with satisfactory
recovery% of ~ 94.95 - 96.21%. Wu et al. [76] described the
scavenger-free and self-powered photocathodic sensing system for HyO4
detection using the CuO-ZnO nanostructure. This photo-electrochemical
sensor showed a sensitivity of 34.3 pA mM ! cm™2 and 3.4 pA mM?
cm 2 over two linear regions of HoO5 (0.2-1 mM and 1-8 mM) respec-
tively with LoD of 8 pM. The CuO-ZnO photocathode revealed 2 folds
greater photocurrent density than the pure CuO under simulated sun-
light irradiation, accredited to the formation of CuO-ZnO heterojunction
with well-aligned energy levels, thus offering excellent interfacial
charge separation of photogenerated electron-hole pairs. Moreover,
vertically aligned ZnO nanorods offered an enlarged surface area and
close contact with CuO nanocrystals. But the applicability, stability,
reproducibility and selectivity of the sensor were not tested.

2.1.6. Recognition of proteins and other biomarkers

Timely recognition of proteins and other biomarkers in human
blood, urine, plasma and so on shows a dominant role in making proper
therapeutic assessments for the management of diseases. Immuno-
sensor, one kind of biosensors, has widely been used to detect bio-
molecules based on antigen (Ag) - antibody (Ab) interaction with good
sensitivity and chiefly, excellent specificity [34]. Haque et al. [77]
demonstrated the Cu doped ZnO nanoparticles based sensor for the
determination of cardiac biomarker, myoglobin wherein this composite
was prepared by the sol gel technique. An optimization was done to
check the impact of Cu doping (13 x 107, 20 x 107, and 32 x 107
atoms cm’s) in the composite on sensing. The Cu (13 x 107 atoms
cm~3) doped ZnO nanoparticles based sensor showed a great sensitivity
of 10.14 pA nM ! ecm™2 with low detection limit of 0.46 nM over the
linear range of detection of 3 - 15 nM myoglobin, good selectivity over
cytochrome c, glucose etc. This boosted performance of the sensor was
ascribed to direct electron transfer, and good electrical conductivity
because of reduction in band gap from 3.91 (pure ZnO) to 3.6 eV
(optimal composite). But reproducibility, storage stability and its vali-
dation were not assessed. Haque et al. [78] developed the Mn doped
ZnO nanoparticles based sensor for the sensing of myoglobin wherein
this composite was prepared by the sol-gel method. An optimization was
accomplished to observe the influence of Mn doping (13 x 107, 20 x
107, and 32 x 107 atoms cm ™) in the composite on sensing. The Mn
(13 x 107 atoms cm™~2) doped ZnO nanoparticles based sensor revealed
a high sensitivity of 95 pA nM~! cm~2 with low detection limit of 0.35
nM over the linear range of detection of 3 - 15 nM myoglobin, decent
selectivity over cytochrome c, HSA. This good performance of the sensor
was attributed to direct electron transfer, and enhanced electrical con-
ductivity owing to decrease in the band gap from 3.59 (pure ZnO) to
1.95 eV (optimal composite). But reproducibility, storage stability and
its validation were not evaluated. Ibupoto et al. [79] presented the
disposable potentiometric antibody immobilized ZnO nanotubes based
sensor for the sensing of C-reactive protein (CRP)-Ag, a
cytokine-induced ‘“acute phase” protein wherein the monoclonal
anti-CRP clone CRP-8 (mouse 1gG1 isotype) with glutaraldehyde was
immobilized on the surface of this biosensor using physical adsorption
technique. The Ab immobilized biosensor was able to sense the CRP over
the range 1 x 107> mg/L - 10 mg/L with a satisfactory sensitivity of
13.17+ 0.42 mV/decade, LoD of 1 ug/L, response time of 10 s, decent
reproducibility, repeatability, selectivity over glucose, urea, UA, Na, K,
Fe ions, and poor stability of 3 days. But its validation in real samples
was not measured. Dong et al. [80] reported the ZnO-porous carbon
composite for the immunosensing of CRP where the carbon-based
composite was achieved through thermolysis of metal-organic frame-
work. This composite and ionic liquid (IL) composite membrane based
biosensor showed a low detection limit of 5 pg/mL over the region of
0.01-1000 ng/mL CRP with good selectivity over bovine serum albu-
min, immunoglobulin G, glucose, AA and UA, reproducibility and
durability of 4 weeks. This good performance was due to high conduc-
tivity, controllable morphologies and biocompatibility of this composite
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towards the recognition of CRP. The applicability of the biosensor was
examined through recognition of CRP in human serum with the recovery
% of 94.5-107%. Madhu et al. [81] described the ZnO nanorods incor-
porated flexible carbon fibers for immunosensing of sweat cortisol
where the ZnO nanorods coated flexible carbon yarns were synthesized
via the hydrothermal route for the immobilization of anti-cortisol Ab.
This biosensor exhibited a low detection limit of 0.098 fg/mL over the
concentration range of 1 fg/mL - 1 pg/mL with brilliant mechanical
stability, superwettable properties, biocompatibility, good reproduc-
ibility, selectivity over progesterone, testosterone, corticosterone,
cortisone, cholesterol, glucose, UA, urea etc., stability of 1 month. The
feasibility of this immunosensor was checked through successful
detection of cortisol in sweat with the recovery% of 96.77- 103.36%.
Chakraborty et al. [82] demonstrated the ZnO thin film based FET
biosensor for identifying PSA after anti-PSA Ab immobilization wherein
the ZnO thin film was prepared by the electron beam evaporation by
varying deposition time and current to adjust the surface roughness and
defect state density. Although the transconductance of the FET biosensor
degraded monotonically with the increasing defect density, the Ab
binding density showed a non-monotonic behavior which was accredi-
ted to the increment of surface roughness further than a definite limit,
thus, reducing the active area required for Ab capture. This optimal
sensor showed a low detection limit of 0.06 fM with good reproduc-
ibility, selectivity and durability of 2 months. But its validation in real
samples was not tested. Shabani et al. [83] developed the ZnO nanorods
modified immunoassay for fast recognition of the matrix metal-
loproteinase9 (MMP-9) biomarker based on the immobilization of Ab.
This biosensor showed a sensitivity of 32.5 pA/(decade x cm?) over the
linear range of 1-1000 ng/mL with a high detection time of 35 min,
detection limit of 0.15 ng/mL. But its selectivity and storage stability
were not checked. Furthermore, its validation in human serum samples
was tested and results were also compared with the commercial
enzyme-linked immunosorbent assay displaying less than 8% difference.
Yang et al. [84] presented the free-standing ZnO nanosheets grown on
2D thin-layered MoS; based biosensor for detection of single-stranded
DNA (ssDNA) wherein MoS; was synthesized by an ultrasonic exfolia-
tion way from bulk MoS, followed by electrodeposition of the ZnO
nanosheet on the MoS; scaffold. The partly negatively charged MoS,
layer helped towards the nucleation and growth of ZnO nanosheets via
the electrostatic interactions. And the results demonstrated that the
free-standing ZnO-MoS; nanosheets had low detection limit (6.6 x
10—16 M) and has a positive influence on DNA immobilization and
hybridization. This optimal bioelectrode was able to detect 6.6 x 10716
M of ssDNA over the dynamic range of 1 x 10715 -1 x 107® M with good
reproducibility and regeneration ability without losing its sensitivity.
But its validation was not checked in real samples. Cao et al. [85] re-
ported the piezotronic effect enhanced label-free DNA sensing with the
schottky-contacted ZnO nanowire based FET biosensor where this de-
vice was functionalized with ssDNA. The ssDNA can selectively hy-
bridize with the target complementary DNA (cDNA) as the negatively
charged target cDNA is complementary to the ssDNA. As soon as the
c¢DNA was hybridized with the ssDNA decorated on ZnO nanowire, it
was adsorbed on the surface of the ZnO nanowire, thus performing the
sensing of cDNA. Piezotronic influence on the performance of this
biosensor was studied by assessing its output current under various
compressive strains and target cDNA concentrations over the range of 1
x 10719~ 1 x 1077 M with good selectivity over non-complementary
DNA. But its longevity and applicability were not evaluated. Murugan
et al. [86] described the three layered ZnS-ZnO-Tay0s5 (core) — SiOq
(shell) nanoparticles based enzymatic sensor for the recognition of
non-neurally secreted cancer biomarker, acetylcholine where this
composite was synthesized in two steps using the solvothermal method.
Acetylcholinesterase was used as an enzyme. An optimization study was
carried out by varying the compositions of ZnS, ZnO, Ta30s, and SiO3 in
their layers to observe impact of each constituent on sensing. The
composite synthesized at 0.15 wt % ZnCl, concentration showed a very
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low limit of detection of 0.0116 puM over the concentrations range of
0.1-1200 pM of acetylcholine with decent repeatability and reproduc-
ibility. This good performance was due to high specific surface area of
1091 m?/g and high conductivity of the optimal composite. The prac-
ticality of this sensor was validated through determination of acetyl-
choline in blood serum samples with an acceptable recovery range of
99-101.3%.

2.2. Environmental monitoring applications

Recently, with the fast economic development, ecological pollution
is becoming more severe. Enormous amounts of trashes and toxic
chemicals used in normal life, industry and cultivation, are discharged
into the environments. An excessive number of these chemicals are
perilous, cancer-causing and straightforwardly come into the food
chain, which have endangered rigorously the environments along with
the social health. Therefore, it is noteworthy to fabricate sensitive,
inexpensive sensors for checking and recognition of the priority pol-
lutants including heavy metal ions, phenolic compounds, hydrazine and
other organic molecules.

2.2.1. Recognition of phenolic compounds

One of the most common pollutants is phenol, and its derivatives
which are commonly available in industrial waste, food, plastic, phar-
maceutical industries. It causes various fatal diseases like muscular
retardation fits, paroxysm, respiratory effects, cancer, and so on. 1 g of
phenolic compounds can even cause the death of human beings. Ac-
cording to the Bureau of Indian Standards (BIS), the maximum permis-
sible limit of phenol in water bodies is 1 mg L. Among all the nano-
sensors, ZnO-based sensors are extensively testified for detection of
phenol, offering excellent sensitivity and lower detection limits. Sha
et al. [87] demonstrated a novel non-enzymatic method for the sensing
of phenol using rGO - ZnO composite wherein the composite was pre-
pared by an in-situ wet chemical method from the precursors, GO and
Zinc acetate. The electrode surface was modified by the composite
which successfully eliminated the surface fouling effect through the
precise selection of the sensing peaks. This sensor exhibited a good
sensitivity, low detection limit of 1.94 pM with good linearity, repro-
ducibility, selectivity and stability. Balkhoyor et al. [88] developed the
Ce-doped ZnO nanostructures based phenol sensor wherein the com-
posite was synthesized by a simple wet chemical technique with the help
alkali medium as a reducing agent. This sensor showed a brilliant
sensitivity of ~ 94.937 pA pM~ ! em™2 with good reproducibility,
long-term stability and high selectivity towards phenol detection. The
excellent performance was due to the enhanced oxygen absorption
ability of the active material thus, assisting in rapid oxidation of phenol.
The composite modified sensor is displayed in Fig. 4. (a), while Fig. 4.
(b) depicts the calibration plot over the concentration range of phenol
from 0.9 nM - 0.9 mM. The comparative I-V responses of the sensors
towards phenol are presented in Fig. 4. (c), whereas the sensing
mechanism of phenol is displayed in Fig. 4. (d).

Arfin et al. [89] presented the ZnO functionalized GO composite
based phenol sensor. This sensor displayed a very low detection limit of
2.2 nM with excellent selectivity, stability of 30 days and reversibility
over the range of 5-155 pM of phenol. Rahman et al. [90] reported the
germanium-doped ZnO composite for 4-aminophenol sensing. This
sensor showed a sensitivity of be 0.5063 pA uM~! cm™2 with detection
limit of 0.5925 + 0.02 nM. This good sensing performance was attrib-
uted to fast and high oxidizing capability of this electrode. This senor
was validated through detection of 4-aminophenol in real samples like
industrial waste water and tap water with good recovery%. Wahid et al.
[91] described the Nd203-ZnO composite based sensor used for detec-
tion of toxic 2,4-Dinitrophenol wherein this composite was prepared by
one-pot wet chemical technique. This sensor exhibited an excellent
sensitivity of 28.481 nA nM~! cm™2 with low detection limit of 0.33 pM.
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Fig. 4. (a) Diagram of the composite modified sensor; (b) the calibration plot over the concentration range of phenol from 0.9 nM - 0.9 mM, (c) The comparative I-V
responses of the sensors towards phenol; (d) The sensing mechanism of phenol at the surface Ce-dopped ZnO; Reproduced with permission from [88].

2.2.2. Recognition of Hydrazine

Hydrazine is considered as a neurotoxic material. It has carcinogenic
and mutagenic effects. It can cause severe damage to the liver, lungs,
kidneys, and human central nervous system. Moreover, it is expansively
used in several industrial applications as catalysts, emulsifiers, antioxi-
dants etc. Hence, an accurate recognition of hydrazine is of prime

significance. Ahmad et al. [92] demonstrated the vertically aligned ZnO
nanorods based hydrazine sensor wherein the nanorods were grown on
the Ag electrode via a wet chemical technique. Hydrazine was detected
via its oxidation at the surface of the ZnO nanorods modified electrode
as displayed in Fig. 5. This sensor showed a sensitivity of 105.5 pA pM !
em ™2, with low detection limit of 0.005 uM and a long term stability of

1/2N;™ + 1/2NH,
+ 5/2H,0

Fig. 5. The sensing mechanism of phenol at the surface of ZnO nanorods based electrode; Reproduced with permission from [92].
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60 days.

Rahman et al. [93] developed the Sn doped ZnO nanoparticles
modified hydrazine sensor. This senor showed a sensitivity of 5.0108 pA
pM ! em 2 with a detection limit of 18.95 =+ 0.02 pM ad good linearity
over the contration range of 2 nM - 20 mM of hydrazine. Higher sensi-
tivity of the electrode was ascribed to its high electron transfer rate
capability. Ismail et al. [94] presented the mesoporous Au-ZnO
nano-composite based hydrazine sensor where the composite was pre-
pared via the photochemical reduction technique. The use of Au in ZnO
enhances the ability of oxidation towards hydrazine determination. The
stability of the device was poor as compared to the literature. Its per-
formance was decreased to 5% just after 45 minutes of operation. Umar
et al. [95] reported the ZnO nanowires based amperometric hydrazine
sensors where the ZnO nanowires showed a high aspect ratio with
urchin-like morphologies. This sensor exhibited a sensitivity of 12.76 pA
nM ! em ™2 with low detection limit of 84.7 nM, fast response time (<5
s) and good stability of 35 days over the linear range of 500 -1200 nM.
This excellent sensing performance was due to its high specific surface
area resulting from nano-wired structure with high aspect ratio. Mehta
et al. [96] described the well crystallized ZnO nanoparticles based
ultra-sensitive hydrazine sensor whereas the nanoparticles were pre-
pared by the wet chemical method at 90 °C. This sensor revealed a good
sensitivity of ~97.133 pA pM ' em 2 with low-detection limit of
147.54 nM. Kumar et al. [97] demonstrated the ZnO nanocones based
hydrazine sensors. This sensor exhibited a high sensitivity of 50 x 10*
uA pM’l cm 2 with a detection limit of 0.01 uM with quick response
time of < 2 s. Jang et al. [98] reported the poly (vinylidene
fluoride-co-hexafluoropropylene) (PVDF-HFP) functionalized ZnO
thin-film transistor (TFT)-based water-stable hydrazine sensor. This
sensor displayed an excellent repeatability and stability to DI water and
hydrazine, thus signifying its high sensitivity, low detection limit of 0.01
nM with acceptable reproducibility. This exceptional sensing perfor-
mance was accredited to the improved surface interaction between
PVDF-HFP with a strong dipole moment and hydrazine, which was
completely differentiated from the conventional sensing mechanism
associated with oxygen ion species in ZnO. Mousavi-Majd et al. [99]
described the zeolitic imidazolate framework derived porous ZnO-Co304
incorporated with Au NPs as ternary composite for sensing of hydrazine
in alkaline media. This sensor exhibited a wide dynamic range, high
sensitivity, and acceptable specificity with extraordinarily lower
oxidation potential and limit of detection as compared to only ZnO--
Co304 composite. These excellent performances were attributable to the
porous structure of ZnO-Co304, great conductivity of Au NPs, and the
synergic effect among the elements. Ibrahim et al. [100] developed the
Ag-doped ZnO nanoflower based sensor for sensing of phenyl hydrazine
wherein the nanostructure was synthesized by a hydrothermal tech-
nique. This sensor exhibited a sensitivity of ~557.108 + 0.012 mA (mol
L D! em 2 with a low detection limit of ~5 x 10~° mol L' and the
response time of 10 s. Though the detection limit was low, the sensitivity
was very less as compared with the available literature. Umar et al.
[101] presented the In-doped ZnO nanorods and nanodisks based sen-
sors for recognition of phenyl hydrazine wherein the In-doped ZnO was
prepared by thermal evaporation route from the precursors, metallic
zinc and indium powders in the presence of oxygen. The nanorods and
nanodisks based sensors exhibited a sensitivity of 70.43 pAemM ! cm ™2
and 130.18 pAemM ! cm 2 respectively with a detection limit was 0.5
pM, over the linear range of 0.5 pM — 5 mM.

2.2.3. Recognition of explosives

The ecological contamination activated by lethal, inorganic or
organic molecules like explosives and pharmaceuticals have attracted
wide attention among research communities because of their negating
effects in humans. These molecules are recognized by either oxidation or
reduction at the electrode surface. Determination of other pollutants like
nitro based compounds and nitro-substituted aromatic explosives like
2,4,6-trinitrotoluene (TNT), dinitrotoluene (DNT), 4-nitrotoluene (4-
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NT), picric acid and hexogen (RDX), etc. are significant due to their
harmful effects [34]. Ibrahim et al [102] reported the ZnO
nano-peanuts based sensor for the detection of picric acid where the
active material was prepared by a hydrothermal method. This sensor
revealed a sensitivity of 493.64 pA mM ! cm ™2 with a detection limit of
0.125 mM over a linear dynamic range of 1 — 5 mM. The detection limit
was very poor as compared to the literature. Moreover, reproducibility,
stability etc. other important characteristics of a sensor were not
investigated. Mohammad et al. [103] described the ZnO - graphitic
carbon nitride (g-CN) nanohybrid based sensor for the recognition of
4-NT and DNT wherein this nano-hybrid was prepared by an in-situ one
pot solid-state thermal decomposition technique. The sensor displayed
good electrochemical performance in terms of detection limit, sensi-
tivity, selectivity, repeatability, reproducibility and stability of 2 weeks.
The attractive performance of the ZnO-g-CN nanohybrid towards the
recognizing of -NOy containing aromatics was attributed to its high
surface area, enhanced electrical conductivity and the formation of
hetero-junction between the interfaces of ZnO and g-CN. Yang et al.
[104] demonstrated the ZnO-MoS; composite based TNT sensor wherein
vertically oriented ZnO nanosheets were electro-deposited on the sur-
face of the MoS; based electrode. This sensor showed a sensitivity of
1.55 pA ppm~ ! with a detection limit of 5.2 x 10~ ppm, good repro-
ducibility over the range of 1 x 10~%-1 ppm of TNT. The nitro group of
TNT was electro-reduced through a two-electron transfer method, thus
helping the reduction of hydroxylamine group into an aromatic amine.
Wang et al. [105] developed the N-rich C@graphitic carbon-coated ZnO
nanowire arrays on a graphene fiber (ZnO@C/GF) based sensor for the
sensing of TNT. This sensor showed good sensitivity, selectivity and
stability of 2 weeks. The sensor was validated through detection of TNT
in lake water and tap water with acceptable recovery %.

2.2.4. Recognition of heavy metal ions

Detecting of toxic heavy metal ions like copper (Cu2+), lead (Pb2+),
cadmium (Cd?*"), mercury (Hg?"), chromium (Cr®*), and so on in water
bodies is of major importance because of their quick accumulation,
harmfulness in the human body, and non-biodegradability. Kim et al
[106] presented the ZnO nanoglobules-GO and ZnO nanoglobules-rGO
based multiple ion (MI) FET sensors for Cr®* and Cu®" sensing respec-
tively. These sensors showed excellent sensing performances in terms of
good sensitivity, stability, selectivity and low detection limit which were
accredited to improved heterogeneous electron transfer process, well
dispersed morphology of the composites and large number of active
sites. Oliveira et al. [107] reported the sensor using ZnO nanofibers
functionalized by L-cysteine for recognition of Pb?>* jons. ZnO nano-
fibers were synthesized via electro-spinning technique and L-cysteine
was affixed on the surface of ZnO nanofibers. This sensor showed bril-
liant sensitivity, selectivity, and stability of 20 days with a limit of
detection of 0.397 pg L1 over the linear range of 10-140 pg L1, The
sensor was effectively employed for sensing of Pb2* ions in lake water
and tap water samples with good recovery %. Its good performance was
due to presence of high porosity of nanofibers along with Lewis
acid-base interaction of L-cysteine. Moutcine et al. [108] described the a
phosphate-ZnO based electrode for concurrent recognition of Cd%* and
Hg?" via electro-oxidation as depicted in Fig. 6 where the ZnO nano-
particles was prepared via the doping of natural phosphate with Zn. It
showed a low detection limit, high sensitivity and good linearity. This
sensor was also utilized to check successfully the concentrations of Cd**
and Hg?" in drinking water with decent recovery% (95-97.5%). Karthik
etal. [109] demonstrated the Co doped ZnO-rGO nanorods based sensor
for the recognition of Cd?* and Pb?* via electro-oxidation where the
composite was prepared through the chemical co-precipitation tech-
nique. This sensor exhibited good sensitivity, low detection limit,
satisfactory selectivity, and reproducibility. Its applicability in real en-
virons was effectively assessed by sensing ions in tap water with good
recovery% (99.06% - 101.33%). Kim et al. [110] developed the ZnO-GO
and ZnO-rGO based FET sensors for trace level recognition of Cr>* and
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Fig. 6. The sensing mechanism of Cd** and Hg>" via electro-oxidation at the surface of phosphate-ZnO based electrode; Reproduced with permission from [108].

Cu®" ions. These sensors revealed the notable sensitivities, good dy-
namic linear range of heavy metal ions with low detection limit of ~7.05
pM and ~14.9 pM ZnO-GO and ZnO-rGO based FET sensors, respec-
tively. Effective charge transfer over electrode significantly improved
the trace detection of Cr>* and Cu®" ions. Theses fabricated FET based
sensing platforms also unveiled an excellent reproducibility and stabil-
ity, therefore, confirming enormous prospective to develop a beneficial
tool for water conserving system. A summary of the reported ZnO
nano-structured based devices in chemical sensing applications was
summarized in Table 1.

3. Applications of ZnO nano-structured based devices for optical
sensing

Rapid development in the field of metal-organic halide perovskite
and the dye-sensitized solar cell (DSSC) is motivating the research
community to explore different metal oxides to be used in these devices.
ZnO is one of the emerging inorganic semiconductor materials due to its
easy synthesis, direct electron pathways, low cost of fabrication and
large variety of nanostructures. In this part of the review article, the
main focus is on the recent developments of ZnO nano-structures in the
application of perovskite and dye-sensitized solar cell. The recent state-
of-art scenario of the ZnO based PSCs and DSSCs are mainly discussed
along with some other application of ZnO nanostructures as an optical
sensor. Recent challenges and future scope of ZnO nanostructure in the
field of optical sensor is also discussed.

3.1. In perovskite solar cells (PSCs)

PSCs are mainly photo-electrochemical devices, having a meso-
porous metal oxide film with a layer of perovskite sensitized material, a
metal electrode and a hole transport layer. The oxide layer plays a
crucial role as the carrier mobility of this layer is very important to
achieve high photovoltaic performance [111]. A number of stable metal
oxides like TiO5 [112], ZnO [113], SnO4 [114] can be used in PSCs. TiO4
is a very promising metal oxide to be used in perovskite solar cell as an
electron transport layer (ETL) but due to its fabrication complexity, like
post deposition treatment at high annealing temperature, the possibility
of using this layer in flexible PSCs are hindered. Due to this, there is a
massive search of other metal oxide semiconductor which allows low
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temperature processing also. ZnO is a suitable material and can be an
alternative of TiO; to be used in PSCs as it has high energy band gap and
physical properties similar to TiOz material. Moreover ZnO can be
deposited by several low temperature deposition processes to get
structures with different morphology. Also the properties of ZnO can
easily be tuned by modifying the morphology, doping and structural
parameters [115]. Recent studies show that the use of ZnO layer in the
PSCs is beneficial in terms of their enhanced efficiency due to its
excellent electrical characteristics also [116]. Xiong et al. [117] re-
ported the structure of growth process of ZnO nanorods by hydrothermal
method. The ZnO crystals, growing along the C axis are responsible for
the generation of nanorods. The nanorods were of 0.84 um in length and
0.14 pm in diameter. The nanorods were in hexagonal structure with
preferred orientation along (100). Fig. 7. shows the typical device
structure with carrier transport mechanism for ZnO nanostructure based
perovskite solar cells.

To develop PSCs having high efficiency and cost-effective, two
different schemes are adopted by the research community. Firstly, to use
a nano-structure oxide layer which can work as an ETL and another is to
develop a planer heterojunction or planer structure. In the first model,
TiO; films are used but this films need to be processed at a very high
annealing temperature. So instead of using TiO», the research commu-
nity is now looking after ZnO films which can also be used as an ETL in
PSCs. In the year of 2014, Son et al. [118] reported the ZnO nanorod
based PSCs. In this work, ZnO nanorods were grown on ZnO seed layer
using chemical processes. The dimensions of the nanorods like the
diameter and the lengths were controlled by the solution concentration
and deposition time. The reported solar cell exhibits an efficiency of
11.13% with a V,c of 0.99 V, Js. of 20.08 mA.cm ™2 and FF of 0.56. Also
the external quantum efficiency (EQE) was almost above 80% for the
wavelength range of 400 to 750 nm. It is also found from the photo-
current response that the charge collection was rapidly saturated for
ZnO based devices in comparision with TiO, based perovskite solar cells.
So the ZnO nanorods are the effective means of charge collection for the
PSCs. The state-of-art efficiency obtained from PSCs having ZnO meso-
phorous ETMs and ZnO planer heterojunction are 16.1% [119] and
18.9% [120] respectively. Mahmood et al. [119] presented the use of Ny
doped ZnO nanorods as electron transporting materials (ETMs) for the
application in perovskite solar cells. Ny doped ZnO NR arrays helping in
a better way to shift the work function which leads to get a boost in the
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Table 1
List of ZnO nano-structured based devices in chemical sensing applications.

Nanomaterial Analytes Approach Sensitivity Detection limit Linear Range [Ref]
Co-Fe doped ZnO Glucose Enzymatic 32.2pAmM ! em 2 0.27 mM 0-4 mM [42]
ZnO-Pt-CS Glucose Enzymatic 62.14 pA mM ! cm ™2 16.6 pM 100 pM-2 mM [43]
Pt nanodendrites - ZnO nanorods Glucose Enzymatic 98.34 yA mM ! cm~2 30 pM 0.05-1 mM [44]
Cu-ZnO nano-thorn Glucose Non-enzymatic 63.76 pAmM ! cm 2 3.762 yM 0.1-4.5 mM [45]
Au-ZnO nanorods Glucose Non-enzymatic 4416 pA mM ! cm 2 0.12 yM 0.001-15 mM [46]
ZnO quantum dots -MWCNTs Glucose Non-enzymatic 9.36 pA pM~! 0.208 pM 0.1-2.5uM [47]
Pt- g-C3Ny4- ZnO Glucose Non-enzymatic 3.34 pPA mM ! cm~? 0.1 uM 0.25-110 mM [48]
Cu,0-Zn0 Glucose Non-enzymatic 441.2 pA mM ! cm ™2 0.13 pM 0.02-1 mM [49]
ZnO nanorods Glucose Non-enzymatic 91.8 pA mM ! em—? - - [50]
mg-ZnO@Ni(OH), NSs Glucose Non-enzymatic 259.78 and 62.82 pAmM ' cm 2 0.06 uM 0.084 — 0.941 mM and
0.941-6.50 mM [51]
Vertically aligned ZnO nanorods Urea Enzymatic 41.64 pA mM ! em ™2 10 pM 0.001-24 mM [53]
Nanoporous ZnO film Urea Enzymatic 0.0506 kQ/(mg dL ™) 5mg dL~! 8.0-110.0 mg dL. ! [54]
ZnO-rGO Urea Non-enzymatic 682.8 A mM ! cm ™2 0.012 yM 0.02 - 7.2 uM [55]
Ag-ZnO nanorods Urea Non-enzymatic - - - [56]
ZnO encapsulated polyaniline-grafted CS ~ Urea Enzymatic 187.5 uV ppm* cm™ 29.84 ppm 20 - 500 ppm [57]
composite
Carbon-ZnO microfibers DA Non-enzymatic - 0.106 pM 0 - 50 and 50 - 300 pM [59]
ZnO nanorods-rGO DA Non-enzymatic 28.452 pA pM ! em 2 3.6 nM 0.01— 6 pM and 6 — 80 pM [60]
Cu doped ZnO DA Non-enzymatic 2630 nA pM ! 55 nM 0.1-20 pM [61]
Au NPs functionalized ZnO-rGO DA Non-enzymatic - 0.294 yM 0.5 - 100 pM [62]
ZnO based FET UA Enzymatic - 1 pM 1pM - 0.5 mM [65]
ZnO quantum dots UA Enzymatic 4pAmM ! em2 22.97 uM 1-10 mM [66]
ZnO nanoparticles UA Non-enzymatic 40.485 pA mM ! em 2 1.65 pM 50-500 pM [67]
Zn0-Ag,0-Co304 nanoparticles UA Non-enzymatic 82.3323 pA pM ! cm 2 89.14+4.46 pM 0.1 nM-0.01 mM [68]
ZnO pencil UA Non-enzymatic 1.99 pM ! 38.4 yM 100-450 pM [69]
ErGO-ZnO UA Non-enzymatic 150.7 pA mM ! cm 2 0.45 yM 1-400 uM [70]
Au NPs - chitosan - graphene UA Non-enzymatic - 0.33 pM 1-30 pM and 30-100 pM [71]
Co doped ZnO nanoparticles H,0, Non-enzymatic 92.4444 yA mM ! cm 2 14.3 yM 5-30 mM [73]
Pt-ZnO nanotubes Hy0, Non-enzymatic 3.94 pA mM ! 1.5 pM 20 pM - 5 mM [74]
Mesoporous carbon doped ZnO H,0, Non-enzymatic 0.04648 pA pM ' cm 2 6.25 yM 50 - 981 uM [75]
Vertically aligned ZnO nanorods - CuO H,02 Non-enzymatic 34.3 pAmM ! cm ™2 and 3.4 pA 8 uM 0.2-1 mM and 1-8 mM [76]
nanocrystals mM ! em 2
Cu doped ZnO nanoparticles Myoglobin Non-enzymatic 10.14 pAnM ! cm 2 0.46 nM 3-15nM [77]
Mn doped ZnO nanoparticles Myoglobin Non-enzymatic 95 uAnM ! ecm™2 0.35 nM 3-15nM [78]
ZnO nanotubes CRP Ag-Ab 13.17+ 0.42 mV/decade 1 pg/L 1 x 107> mg/L - 10 mg/L [79]
interaction
ZnO-porous carbon composite CRP Ag-Ab - 5 pg/mL 0.01-1000 ng/mL [80]
interaction
ZnO nanorods incorporated flexible Cortisol Ag-Ab - 0.098 fg/mL 1 fg/mL - 1 pg/mL [81]
carbon fibers interaction
ZnO thin film based FET PSA Ag-Ab - 0.06 fM - [82]
interaction
ZnO nanorods MMP-9 Ag-Ab 32.5 pA/(decade x cm?) 0.15 ng/mL 1-1000 ng/mL [83]
interaction
Free-standing ZnO nanosheets grown on ssDNA Hybridization - 6.6 x 1071°M 1x10715-1x107°M [84]
MoS,
ZnO nanowire based FET cDNA Hybridization - - 1x107°-1 x 1077 M [85]
ZnS-ZnO-Ta,0s (core) — SiO, (shell) Acetylcholine Enzymatic - 0.0116 uM 0.1-1200 uM [86]
nanoparticles
Zn0-rGO Phenol Non-enzymatic 1.79 pA pM~ ' ecm ™2 1.94 yM 2-15uM
0.389 pM~ ! cm™2 15 — 40 uM [87]
Ce-doped ZnO nanostructure Phenol Non-enzymatic ~94.937 pA M~ ' em 2 11.5 + 0.2 pM 0.9 nM - 0.9 mM [88]
Zn0O-GO Phenol Non-enzymatic - 2.2 nM 5-155 puM [89]
Germanium-doped ZnO 4-aminophenol Non-enzymatic 0.5063 pA pM ! cm ™2 0.5925 +0.02nM 0.1 nM - 0.1 mM [90]
Nd,03-ZnO 2,4- Non-enzymatic 28.481 nAnM~! cm 2 0.33 pM 1 pM - 0.1 mM [91]
Dinitrophenol
ZnO nanorods Hydrazine Non-enzymatic 105.5 pA pM ! em ™2 0.005 pM 0.01-98.6 uM [92]
Sn doped ZnO nanoparticles Hydrazine Non-enzymatic 5.0108 pA pM ! em ™2 18.95 + 0.02 pM 2nM - 20 mM [93]
Mesoporous Au-ZnO Hydrazine Non-enzymatic 0.873 pA pM~ ' em™ 2 0.242 pM 0.2 -14.2 uM [94]
ZnO nanowires Hydrazine Non-enzymatic 12.76 pAnM ! cm 2 84.7 nM 500 - 1200 nM [95]
ZnO nanoparticles Hydrazine Non-enzymatic ~ 97.133 pA 147.54 nM - [96]
puM~! em~?
ZnO nanocones Hydrazine Non-enzymatic 50 x 10* pA M~ em ™2 0.01 uM 10 - 100 nM [97]
PVDF-HFP functionalized ZnO thin-film Hydrazine Non-enzymatic - 0.01 nM - [98]
Au NPs-ZnO-Co304 Hydrazine Non-enzymatic 0.058 and 0.048 pA pM ! - 2-1900 pM and 1900-8500 pM
[99]
Ag-doped ZnO Phenyl Non-enzymatic ~557.108 + 0.012 mA (mol ~5 x 107 mol - [100]
Hydrazine L Hlem2 Lt
In-dopped ZnO Phenyl Non-enzymatic 70.43 pAe mM ! cm 2 0.5 uM 0.5 uM - 5 mM [101]
Hydrazine
ZnO nano-peanuts Picric Acid Non-enzymatic 493.64 pA mM ! cm 2 0.125 mM 1-5mM [102]
Zn0-g-CN 4-NT Non-enzymatic 3.14 pA 100 nM 1-10uM [103]
DNT pM~t em 2 110 nM
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Table 1 (continued)
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Nanomaterial Analytes Approach Sensitivity Detection limit Linear Range [Ref]
2.28 pA
pM’l em ™2
ZnO-MoS, TNT Non-enzymatic 1.55pA ppm~ ! 5.2 x 107 ppm 1 x107*-1 ppm [104]
ZnO@C/GF TNT Non-enzymatic - 3.3nM 0.1-32.2 uM [105]
ZnO nanoglobules-GO based MI-FET crt Non-enzymatic 49.28 mA pMlem 2 7.05 pM 10 - 100 pM [106]
ZnO nanoglobules-rGO based MI-FET Ccu?* 185.32 mA 14.9 yM
puM~! em~2
ZnO nanofibers functionalized by L- Pb?*+ Non-enzymatic - 0.397 pg L 7! 10 - 140 pg L' [107]
cysteine
Phosphate-ZnO cdz* Non-enzymatic - 4.2 nM 3-21uM [108]
Hg?" 2.9 nM
Co doped ZnO-rGO nanorods cd*r Non-enzymatic - 0.94pg L7! 10-90 ug L1 [109]
Pb2t 0.83ug L7!
ZnO-GO crt Non-enzymatic ~49.28 mA pM ! ecm~? ~7.05 uM - [110]
Zn0-rGO Ccu** ~185.32 mA pM ! cm 2 ~14.9 M

Metal Electrode

Hole Transport
Layer

Perovskite

Zn0O meso-porous

V

Zn0O Compact Layer
TCO

Perovskite

h+

Fig. 7. Typical device structure and carrier transport mechanism of ZnO based perovskite solar cell.

efficiency. These results enlighten the use of doped ZnO in perovskite
solar cells and by controlling the doping concentration the efficiency can
be improved significantly. Song et al. [120] studied the effect of
annealing temperature on the performance of perovskite solar cells. It
was reported that at annealing temperature of 95°C the highest power
conversion efficiency of ~18.9% was achieved. Till now this is the
highest obtained efficiency for low-temperature processed ZnO
nano-rod array based PSCs. The high durability and the stability was the
important characteristics for these low temperature processed solar cells
which will lead to commercialize the products in near future.

ZnO is a wide bandgap inorganic semiconductor having an electron
mobility of 205-300 cm?eVes™! and electron diffusion coefficient of 1.7
x 107™* cm®es™! which is quite higher than TiO [121]. ZnO can be
deposited in a various types of nanostructures like nanotubes [122],
nanorods [123], nanoparticles [124], nanowires [125], nanobelts [126]
and nanosheets [127].

Planar PSCs deposited in between HTL and ETL layer attracted
attention among the research community due to their easy fabrication
process and capability to be deposited on the flexible substrates [128].
Liu and Kelly [129] first discussed about the highly efficient ZnO ETL
based PSCs having efficiency nearly around 15.7%. The ZnO nano-
particles deposited by spin coating at low temperature possess excellent
electron transport property. The ZnO layer deposited was thinner in
comparison with mesoporous TiO; layer. Also the same research group
prepared flexible solar cell using ZnO having an efficiency around 10%.
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ZnO nanoparticles at low temperature are also prepared by sol-gel
method as described by Kim et al. [130]. Due to the modification of
electronic structure of ZnO, the V,. has been improved upto 1.03 volt
with a device efficiency of 12.2%. The increase in the V, is mainly due
to the modification of the interfacial layers attached with ZnO which in
turn reduces the trap assisted charge recombination in the bulk perov-
skite layer. The obtained results indicate a new strategy for the re-
searchers to improve the efficiency of the PSCs by modifying the
interface of the solar cells.

The properties of ZnO nanoparticles prepared at low temperature
mainly depend on the particle size and the layer thickness. Nonetheless,
precise control of the above parameters is quite difficult [131]. ZnO
layer for the application in PSCs were also prepared by several vacuum
based methods. Tseng et al. [132] prepared ZnO ETL by RF magnetron
sputtering technique. The chamber environment can play a significant
role on the quality of the deposited ZnO films and in turn the photo-
voltaic performance of the perovskite solar cell. A very precise control of
the surface property of the ZnO is resulting in a better photo conversion
efficiency coming ~ 15.9% for the PSCs. Sputtering can be a suitable
method to prepare ZnO films with a better control on the properties.
Atomic layer deposition (ALD) is another vacuum based widely
acceptable technique for the deposition of uniform ZnO layers on a large
surface area at a low temperature. D. Xu et al. [133] reported a device
having ZnO deposited by ALD having an efficiency of 13.1%. In this
work, the authors have deposited ZnO for the application is PSCs by ALD
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method at 70°C. Low temperature processing is an irresistible trend for
ALD which leads to develop commercial, large area solar cells.

ZnO nanostructures are widely used metal oxide layers in the
application of PSCs due to their high porosity, effective hole blocking
capability and high surface area [134]. Though the surface area of the
nanorods can be modified by increasing their length and thickness but
the efficiency enhancement is not upto the mark till now. Several
research groups have studied the impact of a thin ZnO layer along with
ZnO nanorods on the performance of PSCs. Son et al. [135] prepared
vertically aligned and tilted nanorods from colloidal and solution based
seed layers. It is found that more V,, is obtained from vertically aligned
ZnO nanorods. The efficiency achieved was 14.35% after a precise
control on the ZnO seed layer and the interface between the ZnO
nanorods and perovskite layer. This work emphasized on the fact that
the seed layer plays a crucial role on the growth of ZnO nanorods and its
alignment which in turn impacts the efficiency. High charge recombi-
nation at the interface is a bottleneck for for achieving higher efficiency
in the ZnO nanostructure based solar cells. High quality ZnO nano-
structures were prepared by several vacuum and non-vacuum methods.
Among them hydrothermal [136], electrochemical deposition [137],
electrospray [138], PECVD [139] are the widely researched techniques.
Dong et al. [140] investigated the highly efficient Al doped ZnO nano-
rod developed from sol gel technique for the application in PSCs. It is
reported that the interfacial engineering with ZnO:Al leads to enhance
the V, upto a certain limit and the efficiency has enhanced to 10.7%.
This study gives an idea regarding doping of ZnO nanostructures and its
influence on the performance on PSCs. Several other researchers also
studied the effect of doping on ZnO nanostructures and obtained a PCE
of PSCs as 12% [141],16.1% [119] and 18.24% [142] for Al, N3 and I
doped ZnO nanorod arrays. Dong et al. [128] reported the use of Mg
doped ZnO nanorod to be used as ETL in the PSCs. By controlling the
doping level of Mg, the the energy band levels can also be controlled.
The photo conversion efficiency of the cell also significantly improved
due to less carrier recombination at the interface. Zheng et al. [142]
demonstrated the deposition of I doped ZnO nano pillars by spin
coating method. Due to the suppression of 1D ZnO in the [001] direction
by iodine doping, dense and aligned 1D nano pillar structure was
formed. The deposited ZnO:I nano pillars shows better optical charac-
teristics in comparison with undoped ZnO structure. The efficiency ob-
tained has reached upto 18.24%. This study actually provides an idea to
develop doped ZnO nano pillar with a better orientation which in turn
leads to obtain a better efficiency.

From the previous research studies it is evident that the perovskite
solar cells have the potential to replace the conventional solar cells. But
the long term stability of the perovskite layer is always a matter of
concern for the research community and the same need to be investi-
gated and addressed properly [143]. One of the major drawbacks of the
perovskite layer on the top of ZnO layer is the thermal instability. It is a
common phenomenon that the brown/ black perovskite layer deposited
on the ZnO layer turns yellow during the annealing process indicating a
rapid degradation after the temperature rises above 95°C [144]. As a
whole ZnO is one of the best promising ETL which can replace TiO; in
terms of low cost, material availability and low temperature processing
technology. The ability to prepare ZnO at low temperature enables it to
be used on flexible substrates and allows to be deposited on large surface
areas. But in spite of these advantages, the instability of perovskite on
ZnO layer is still a matter of concern for the application in the PSCs. So a
deep understanding of the perovskite material and its preparation on
ZnO is required on a large scale.

3.2. In Dye sensitized solar cell (DSSC)

DSSC is growing interest among the researchers due to low fabrica-
tion cost, stable operation, good temperature stability and non-toxic
emission. Apart from this, DSSC has some more added advantages like
wide flexibility in design and very rapid enhancement in efficiency.
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Inclusion of metal oxide nano-composites in the DSSC solar cell can
improve the efficiency and the application potential in many folds. ZnO
nano-structures are one of the promising metal composites for the
application in DSSC solar cell. Fig. 8. depicts the typical device structure
and the working methodology of ZnO nano-structure based DSSC.
Several research groups are currently working on ZnO and TiO2/ZnO
nano structures for the application in DSSCs. Hsu et al. [145] studied the
characteristics of sol-gel developed CuMnO; coated ZnO nanorods for
photo-sensing applications. The length of the nanorod were about 1200
nm with a diameter of 60 — 200 nm. The nanorods were having orien-
tation along the c-axis with (002) plane. Angaiah et al. [146] reported
the performance of DSSC based on ZnO nanoparticles and ZnO nano-
wires. It was reported that the ZnO nanowire based DSSC showed better
performance than ZnO nanoparticles due to the least effect of electron
hopping which in turn limits the electron transport. The nanowire based
DSSC showed power conversion efficiency of 1.81% which is better than
the efficiency of nano particle based DSSC~1.13%. Bhattacharyya et al.
[147] studied the effect of doping on ZnO nanowires for the application
in DSSC. They reported the deposition of vertically aligned ZnO:Al
nanowires for the application on DSSCs at different concentration of Al.
The surface morphological and optical characteristics confirmed the
preparation of highly transparent and well oriented ZnO nanorods with
a hexagonal structure. It was reported that the short circuit current (Jsc)
improves to 4.4 mA.cm 2 for the ZnO:Al based DSSC in comparison with
1.3 mA.cm~2 for ZnO based DSSC. The overall power conversion effi-
ciency has also improved up to 0.49% for ZnO:Al nanowire based cell as
compared to 0.13% for bare ZnO nanowire based cell. Hu et al. [148]
demonstrated the growth of ZnO nanowire arrays on Ga doped ZnO for
the application as photoanode in the DSSCs. The PCE was obtained
1.44% for Ga doped ZnO based DSSC which is better than the efficiency
obtained with ZnO nanowires only. The reason for the enhancement in
the efficiency is due to high conductivity, better carrier mobility, ther-
mal stability and better surface interface among the layers. It was also
found that with the increase in surface area there is an enhancement of
the efficiency. Jiang et al. [149] developed the ZnO nanoflower based
photoanode where the material was grown using hydrothermal method
at a temperature of 95°C. It was found that the efficiency achieved by
ZnO nanoflowers are around 1.9% which is 90% better than the ZnO
nanorods. The performance enhancement is mainly due to the light
harvesting at ZnO based nanoflower films. This manuscript majorly
emphasizes on the application of ZnO nanoflowers for the application of
DSSCs. Law et al. [150] analyzed the performance of DSSCs having ZnO
nanowires coated with AlyO3 or TiOs. Bith the alumina and titania shells
are improving the open circuit voltage (V,.) but the loss in the short
circuit current (Js) is quite high for alumina. In their research article
they reported a ZnO nanowire based DSSC having a conversion effi-
ciency upto 2.25% having titania as outer shell. By improving the sur-
face area of ZnO nanowires or nanorods the performance of the DSSC
can be improved significantly. Normally, the reported efficiency of ZnO
based DSSC is less than the TiO, based DSSCs. The reason behind is that
degradation of ZnO in dye environments. So several research groups are
working on ZnO/ TiO2 combination to improve the PCE of DSSCs. Xu
et al. [151] developed TiOz coated ZnO nanowire arrays for the appli-
cation in DSSC and the efficiency ramps up to 5.65% due to the reduc-
tion in series resistance. The TiO; coated ZnO layer having a thickness of
50 pm is working as better HTMs. Chou et al. [152] studied the ZnO
coated TiO; electrodes for the application in DSSC. The electrodes were
prepared by spin coating followed by dip coating at a temperature of
70°C. The researchers were able to obtain a highest photo conversion
efficiency of 6.62% which is quite higher than the previously reported
efficiency of 5.54% by using a TiO» electrode only. The enhancement in
the efficiency is due to the impact of ZnO barrier and the chemical
treatment performed by TiCls. This research mainly emphasized on the
feasibility of the use of ZnO coated TiO; electrodes on the DSSC to
improve the performance and the stability. A summary of the reported
ZnO nano-structured based devices in photovoltaic applications was
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Fig. 8. The device structure and the working methodology of ZnO nanostructure based DSSC.

summarized in Table 2.
3.3. In UV photodetectors

Apart from the application in perovskite and dye sensitized solar
cells, ZnO nano-structures were also used for UV Photodetectors. UV
photodetectors fabricated from1D ZnO nanostructures are gaining lot of
interest among the researchers. The performance of ZnO based nano-
structured photo detectors can further be improved by doping metal
nanoparticles on the surface of the same. Li et al. [153] studied the
sensing of UV light using ZnO nanorod with the structure ZnO/PE-
DOT/HfOy/GaN. The deposited ZnO nanorods have a very sharp hex-
agonal structure, with a height of 14 um. The preferential orientation
was (0002) with hexagonal wurtzite structure. Rakhsha et al. [154]
reported the solution based fabrication of ZnO nano arrays for the
application of UV sensing. Doping of different other metals like Ga, Ag
and Cu was done to study the effect of doping on the sensing properties.
From the obtained results it can be concluded that the incorporation of
Ga reduces the rectifying ratio (RR), whereas the maximum RR is ob-
tained for undoped and Cu doped ZnO with a value of 12.7. The per-
formance of the same device enhanced upto 50% as compared to other
devices when exposed to UV light. Li et al. [155] studied the perfor-
mance of photodetector having the composition of ZnO nanowall/Ag
nanowire. The UV detectors having ZnO nanowall/Ag nanocomposite
showed higher response time (S=285) and less response-recovery time
(10s, 81s). It can be concluded from the obtained results that ZnO
nanocomposites associated with Ag is a promising device for better UV
sensing. Singh et al. [156] in their work reported the UV detection pa-
rameters for ZnO nanorods based devices. The substrate used for their
research work is Si and the development of the ZnO nanorods was done
in two steps. The fabricated device having the structure
Pd/ZnO-NR’s/Pd show a very good response when exposed to UV. This
study will be very helpful for the fabrication of ZnO nanorods in hy-
drothermal technique for UV detection. Eom et al. [157] studied the
performance of ZnO nanorods based UV sensors developed hydrother-
mally on Polyethylene terephthalate (PET). The authors have studied
the characteristics of the device with the change in seed solution to
growth solution. It was found that by optimizing the ratio of seed to
growth solution the best UV sensing properties can be obtained. Guo
et al. [158] reported the detection of UV using ZnO nanowires deposited
using dielectrophoresis technique. The responsivity of the device was
obtained upto 40 A/W at 10 V bias. Kar et al. [159] reported the groeth
of ZnO nanowires using CVD on Si substrates. The photosensitivity of the
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fabricated device was studied and it was found that the nanowires grown
on bottom surface showed better UV response. Nasiri et al. [160]
designed a portable visible-blind UV photodetectors using ZnO nano-
structures. The device showed a very high sensitivity with a very high
output current when the input UV radiation intensity was quite less.
Several other researchers have studied the effect of adding metals with
ZnO nanostructures to improve its UV sensing properties. Mohammad
et al. [161] developed Ag nanoparticle encapsulated ZnO nanorods ar-
rays on Si substrates. The authors observed a notable change on the
surface with the incorporation of Ag nanoparticles. With the addition of
Ag nanoparticles the electrical properties enhanced in comparison with
ZnO nanorod without Ag nanoparticle. The final device fabricated shows
a device sensitivity of 18503% which allows the device a suitable option
for self-powered photodetectors. Abbasi et al. [162] studied the UV
detector response of ZnO and ZnO:Ni nanostructure devices having
different Ni concentration. Metal-semiconductor-metal (MSM) structure
was used to fabricate the UV photo detectors. It was found that the ZnO:
Ni nanostructure based photodetectors showed a better response in
comparison to pure ZnO based devices. The best response found was 0.5s
for rise time and 2s decay time having 7% Ni concentration. Liu et al.
[163] deposited Tellurium dioxide (TeO,) doped zinc oxide (ZnO)
nanorods by chemical vapor deposition technique on Si substrates being
covered by Au film. The TeO, content has been modulated to study the
impact on UV photo detection. It is found that with the variation of TeO5
content, the fabricated devices are capable of sensing UV and NIR also.
Sahatiya et al. [164] demonstrated the development of black phos-
phorous on ITO substrates, encapsulated with ZnO which can be a
suitable device for the detection of UV lights. The developed ZnO on the
black phosphorous surface have shown several suitable characteristics
like long term stability and improvement of spectral absorbance in the
UV region. This research shows a path of using black phosphorous as a
passivation material grown on different substrates having ZnO layer for
the application in the field of optical sensors. In another work, this
research group has developed a Gr/ZnO heterojunction on flexible
substrate by hydrothermal technique to detect UV light at room tem-
perature. By inducing strain, piezopotential is developed for the fabri-
cated device and the photosensing was enhanced by 87% with the
applied strain. The result shown here provides a detailed understanding
of the improvement of the optoelectronic performance of Gr/ZnO
interface which will help the research community to apply the same
understanding in other hetero-junction also [165].
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Table 2

List of ZnO nano-structured based devices in photovoltaic applications.

Perovskite Solar Cell

Sl. No. Device Structure ZnO Nano Structure Short Circuit Current Density (Jsc) mA/cm? Open Circuit Voltage (V,) Volt Fill Factor (FF) % Efficiency (n) % Ref.
1. ITO/ZnO/PTB7:PC7;BM/Mo0O3/Ag Nanoparticles 15.78 0.73 62.18 7.16 [116]
2. FTO/Zn0O/Pbl,/CH3NH3I/HTM/Au Nanorods 20.9 0.991 56 11.13 [118]
3. ITO/ZnO-NR/MAPbI3/Spiro-OMeTAD/Ag Nanorods 21.5 0.964 70 16.12 [119]
4. ITO/Zn0O/Cs10M/spiro-OMeTAD/Ag Nanoparticles 22.5 1.11 71.7 17.9 [120]
5. ITO/NiO,/ CH3NH3Pbl3/PCBM/Zn0O/Ag Nanoparticles 19.67 1.04 78.23 16 [124]
6. FTO/ZnO/CH3NH3Pbl3/Metal Contact Nanowires 14.30 0.879 56.1 7.05 [125]
7. FTO/ZnO/CH3NH;3Pbl3/ Spiro-OMeTAD/Ag Nano sheets 21.0 0.980 70 14.40 [127]
8. ITO/Zn0O/CH3NH3Pbl3/ Spiro-OMeTAD/Ag Nanoparticles 20.4 1.03 74.9 15.7 [129]
9. Glass/ITO/ZnO/ CH3NH;3Pbl3/PTB7-ThM0oO3/Ag - 14.73 1.02 73 10.87 [130]
10. FTO/ZnO/ CH3NH3Pbl3/ spiro-MeOTAD/Au Nanorods 20.40 0.956 59.9 11.68 [135]
11. ITO/PEDOT:PSS/CH3NH3PbI3—xCly/PCs1BM/ZnO-NRs/Ag Nanorods 19.72 1.09 76.69 16.55 [136]
12. FTO/Zn0O/i-ZnO/ CH3NH3Pbls/spiro-MeOTAD/Ag Nanowires 21.9 0.99 47.3 10.28 [137]
13. FTO/Zn0O/Zn0:Al/CH3NH;3Pbl3/spiro-MeOTAD/Ag - 16.0 1.010 67.0 10.8 [138]
14. FTO/Zn0O/Zn0:Al/CH3NH;3PbI3/spiro-MeOTAD/Ag Nanorods 19.77 0.900 60 10.7 [140]
15. FTO/Zn0O:Mg/CH3NH3PbI3/Contact Nanorods 22.7 0.990 68 15.3 [141]
16. ITO/Zn0O:1/CH3NH3Pbl3/spiro-MeOTAD/Ag Nanopillars 22.42 1.13 71.99 18.24 [142]
Dye Sensitized Solar cell

Sl. No. Electrode Specification ZnO Nano Structure Short Circuit Current Density (Jsc) Open Circuit Voltage (Vo) Fill Factor (FF) Efficiency Ref.
17. Photoanode (ZnO) and Counter Electrode (Pt) Nanoparticles 4.31 0.55 47.5 1.13 [146]
18. Photoanode (ZnO) and Counter Electrode (Pt) Nanowires 6.64 0.58 46.9 1.81 [146]
19. Photoanode (ZnO and ZnO:Al) and Counter Electrode (FTO) Nanowires 4.4 0.28 40 0.49 [147]
20. Photoanode (ZnO:Ga) and Counter Electrode (Pt) Nanowires 4.03 0.61 59 1.44 [148]
21. Photoanode (ZnO) Nanoflower 5.5 0.65 53 1.9 [149]
22. Photoanode (ZnO) Nanorods 4.5 0.63 36 1.0 [149]
23. Photoanode (ZnO-Al,03 and ZnO-TiO,) and Counter Electrode (Pt) Nanowires 4.45 0.56 42 1.05 [150]
24. Photoanode (TiO»-coated ZnO) Nanowires 12.4 0.798 59.4 5.86 [151]
25. Photoanode (TiO»-coated ZnO) and Counter Electrode (Pt) - 13.46 0.75 65.4 6.62 [152]
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4. Conclusion and outlook

This review summarizes the properties, and applications of ZnO in
sensors towards biomedical, optical and environmental monitoring
using the electro-chemical and FET based sensing methods. These wide-
ranging applications of ZnO mainly originate from its brilliant opto-
electronic, physico-chemical, electrical properties such as, low dielec-
tric constant, plentiful Zn-O bonds, high luminous transmittance, good
stability, huge excitation binding energy, large surface area to volume
ratio and so on. Since ZnO is mostly synthesized at elevated tempera-
tures, substantial work needs to be done towards the synthesis of ZnO at
low temperatures, thus making it compatible to deposit on flexible
substrates. Secondly, since the performance of the ZnO based sensors is
influenced by its morphology to a large extent, distinctive synthesis
methods are anticipated to control the desired shape and size of ZnO for
achieving better sensitivity. For example, 2D ZnO exhibits large specific
surface area that offers enormous number of active sites for surface
functionalization of analytes, thus endorsing the repeatability of a
sensor. In the last part of the review, the application of ZnO nano-
structures for optical sensing was conferred. It was found that the
application of ZnO nanostructures in the perovskite and dye sensitized
solar cells modified its efficiency. ZnO nano-structures based devices for
UV detection were also discussed. It was found that doping ZnO with
different metals improves the sensitivity of detection. To conclude,
different types of ZnO nanostructures such as nanorods, nanoarrays,
nanoflowers, nanowires are widely researched and applied for various
types of sensing applications. Though, all these sensors displayed decent
performances, most of these developments are merely proof-of-concept
demonstrations and limited to lab-based research endeavors. Therefore,
to commercialize the ZnO based sensors, consolidation of this sensing
platform into device level is indispensible with the assistance of robust
interfacing electronics. In this respect, current research towards the
fabrication of low-priced paper based ‘one-time use’ sensors or flexible
FET type devices for recognition of analytes exhibits enormous pros-
pects. Exciting progressions are predicted soon to materialize ZnO based
scalable sensing systems and testing tools.
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