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Abstract: We discuss the fabrication of gas-analytical multisensor arrays based on ZnO nanorods
grown via a hydrothermal route directly on a multielectrode chip. The protocol to deposit the
nanorods over the chip includes the primary formation of ZnO nano-clusters over the surface and
secondly the oxide hydrothermal growth in a solution that facilitates the appearance of ZnO nanorods
in the high aspect ratio which comprise a network. We have tested the proof-of-concept prototype
of the ZnO nanorod network-based chip heated up to 400 ◦C versus three alcohol vapors, ethanol,
isopropanol and butanol, at approx. 0.2–5 ppm concentrations when mixed with dry air. The results
indicate that the developed chip is highly sensitive to these analytes with a detection limit down
to the sub-ppm range. Due to the pristine differences in ZnO nanorod network density the chip
yields a vector signal which enables the discrimination of various alcohols at a reasonable degree
via processing by linear discriminant analysis even at a sub-ppm concentration range suitable for
practical applications.

Keywords: zinc oxide; nanorod; gas sensor; multisensor array; selectivity; sensitivity; ethanol;
isopropanol; butanol

1. Introduction

Environment control in real time requires miniature detector units that deliver a reliable
gas-selective signal [1]. So far, the most employed gas sensors able to meet this task are of chemiresistive
(or conductometric) type, which—along with electrochemical and thermocatalytic sensors—are the
cheapest and easiest to operate [2,3]. These sensors have been available since the 1960s [4] and
are now widely used [5] to detect mostly reducing gases under various applications. The basic
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design of the sensors constitutes a substrate that carries a two-electrode terminal and a chemiresistive
material between the electrodes. The most popular materials to develop chemiresistors are wide-gap
semiconductors of n-type, mostly oxides, among which the ZnO is possibly the best known one
(see Reference [4]) together with SnO2 and TiO2, to mention a few. The fundamental principle of
these ZnO gas sensors is the gas interaction with the oxide surface which results in a change of its
resistance with sign depending on reducing or oxidizing nature of the chemisorbed species due to
electron exchange between conductance band and at-surface local energy states in the gap. While
the efficiency of the chemisorption depends on a density of available chemisorption cites at the oxide
surface and their activation (frequently called as a receptor function) the integral resistance change
depends valuably on how the at-surface electron exchange affects the total number of free carriers
and their transport in the oxide bulk (frequently called as a transducer function). The transducer
function is greatly determined by the geometry of the oxide structures: if their effective thickness is
less or comparable to Debye length at the surface region the surface chemisorption processes fully
manage the overall oxide resistance and we anticipate the most sensitive detector. Because this length
falls into a nanometer dimension range [6–8] all the investigations on research and development of
state-of-the-art sensors based on ZnO consider utilizing nanostructures and nanotechnologies able to
produce these structures; for recent reviews see, for instance, References [9–12].

There are three kinds of ZnO nanomorphology to fit the conditions of matching the Debye
length as three-dimensional (3D) nanoparticle layer, (quasi-)two-dimensional (2D) sheets and
(quasi-)one-dimensional (1D) nanorods (NRs). Recently, the interest shifted to the latter because of
easy production at the large scale and overall stability of properties of such a material [13–16].
Therefore, plenty of methods and protocols are suggested to grow zinc oxide in the NR
morphology like sputtering [17], molecular beam epitaxy [18], atomic layer deposition [19],
electrochemical/electrodeposition [20–22], colloidal chemistry [23], vapor–liquid–solid deposition [24],
sonochemical process [25], etc. However, still, the most convenient and cost-effective method to
produce the ZnO NRs at large arrays is hydrothermal one [26,27] based on the crystallization of the
material from a solution usually under advanced temperatures and pressure. This technology provides
rather good control over the ZnO nanostructure morphology via seeding clusters and managing the
growth temperature. Therefore, various investigations dealt with ZnO NRs fabricated in frames of
hydrothermal technology to develop prototypes of sensors for detecting many gases ranged from rather
simple inorganic ones like carbon dioxide [28], methane [29], nitrogen oxides [30–32], humidity [33],
hydrogen [34–36], to complex organic molecules like ethanol [36–43], acetone [44,45], drugs [46] and
glucose [47]. As shown in the cited literature, such ZnO NRs appear to be promising gas-sensing
material for chemiresistors to detect the gases mostly at tens or hundreds of ppm concentrations in
a mixture with background air. However, the gas selectivity remains rather poor (see, for instance,
Reference [40]) as known for all oxide chemiresistors and other gas sensors in general [48]. This
challenge is addressed in the most powerful degree by combining gas sensors into multisensor
arrays [49] and employing pattern recognition algorithms to process the array vector signals [50].

Here, we consider a cost-effective proof-of-concept prototype of a single-chip multisensor array
of chemiresistor type employing ZnO NRs grown by hydrothermal approach directly on the chip
equipped with multiple electrodes. We show that the multisensor array based on the elements with
even pristine fluctuation of ZnO NR network density could provide a powerful vector signal able to
distinguish organic vapors of various alcohols, at ppm and sub-ppm range of concentrations, following
the signal processing by linear discriminant analysis (LDA).

2. Materials and Methods

As a platform for making multisensor-array chip we employed Si/SiO2 substrate, 9 × 10 mm2,
with cathode sputtered multiple co-planar Pt/Ti electrode strips, about 140 µm width, 4 mm length,
approx. 1 µm height, with a between-in gap of about 60 µm [51]. The substrate front side was equipped
with two Pt/Ti thermoresistive meanders. Four Pt/Ti heating meanders were realized at the back-side
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as detailed in Reference [52] to control the chip operating temperature and its spatial distribution up to
400 ◦C, to be limited by power dissipation at the chip via supported electronics.

The chip was wired with Au wires, 38 µm diameter, into ceramic holder equipped with multi-pin
socket, 1.27 mm (SMC, Erni, Richmond, VA, USA) and multiple electrical road connections between
chip pads and the output pins being reliably passivated from the environment under heating conditions.

To grow ZnO NRs layer over the chip we followed a few-step process according to hydrothermal
technology (Figure 1) in frames of earlier established protocols [53,54]. All the chemicals used for
synthesis were supplied at high purity grade (Vekton). Primarily, we have dissolved Zn(CH3CO2)2

salts in ethanol to get the 5 mM solution which was dropped over the chip substrate and spin coated
to get a uniform ZnO seed layer over the surface with grains of ca. 60 nm diameter in average with
surface mean density of approx. 21 grains per µm2. Then, the chip was dried and annealed at 350 ◦C
for a few minutes in air. We repeated these procedures several times in order to obtain rather thick
density of ZnO seed clusters. Further, the chip was placed into a water solution containing a mixture
of 10 mM of Zn(CH3CO2)2, 10 mM of (CH2)6N4 and 1 mM of surfactant [(C16H33)N(CH3)3]Br to be
thermostatically kept at 86 ◦C for ca. 1 h for facilitating ZnO NR synthesis over seed clusters. Last,
the grown ZnO NRs were washed with distilled water and annealed at 350 ◦C for ca. 30 min to stabilize
the structures.
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In order to avoid a charging effect of the analyzed surface, the K-Alpha+ charge compensation 
system was utilized via delivering electrons at 8 eV energy and low-energy Ar ions. The obtained 
XPS spectra were fitted with Voigt profiles under binding energy uncertainty equal to ±0.2 eV. To 
quantify the elemental composition, the analyzer transmission function, Scofield sensitivity factors 
[55] and effective attenuation lengths of photoelectrons were taken in attention. All the spectra were 
referenced versus C 1s peak of hydrocarbon at 285.0 eV binding energy and the energy axis was 
verified via photoelectron peaks of metallic Cu, Ag, and Au. 

Figure 1. The scheme of ZnO nanorods growth over the multielectrode chip by hydrothermal process.
See the text for details.

The chip surface area was evaluated by thermal field-emission scanning electron microscopy
(FESEM, Carl Zeiss SMT AG, Oberkochen, Germany) combined with energy-dispersive X-ray detector
(EDX, Bruker, Quantax 400, Billerica, MA, USA) at 5–15 kV of accelerating voltage. The chemical states
at the chip surface were estimated by X-ray photoelectron spectroscopy with a K-Alpha+ spectrometer
(Thermo Fisher Scientific, East Grinsted, UK), using a microfocused monochromated Al Kα X-ray
source of 50 µm spot size to able measuring at the gap between the chip electrodes. The data were
acquired and processed with @Thermo Avantage software, v. 5.9904. In order to avoid a charging
effect of the analyzed surface, the K-Alpha+ charge compensation system was utilized via delivering
electrons at 8 eV energy and low-energy Ar ions. The obtained XPS spectra were fitted with Voigt
profiles under binding energy uncertainty equal to ±0.2 eV. To quantify the elemental composition,
the analyzer transmission function, Scofield sensitivity factors [55] and effective attenuation lengths of
photoelectrons were taken in attention. All the spectra were referenced versus C 1s peak of hydrocarbon
at 285.0 eV binding energy and the energy axis was verified via photoelectron peaks of metallic Cu, Ag,
and Au.
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To measure the electrical characteristics of the ZnO NR network grown over the multielectrode
chip we employed the home-made experimental setup described somewhere [56]. In brief, it was
composed of a PC-driven multi-channel acquisition board (NI-6259, National Instruments, Austin, TX,
USA) to read out the DC resistances via a low-noise current preamplifier (SR570, Stanford Research
Systems, Sunnyvale, CA, USA). The standard DC bias of 5 V was applied to each couple of measuring
electrodes, which frame the ZnO NR network segment, in sequence over entire chip by multiplexing
card with a rate depending on the resistance value, up to tens of GOhms, to be ordinarily less than
1 sec per segment. Primarily, we tested I–V characteristics of the segments at the range of [−5;+5] V, in
forward and back directions, to ensure their linearity and good contact between the oxide NRs and Pt
electrodes. The full impedance of the ZnO NR network segments, Z(f), was studied in AC mode with
an impedance-meter (NovoControl Alpha AN, Novocontrol Technologies, Montabaur, Germany). Each
pair of electrodes of the chip was biased with an AC voltage of 0.1 V and 5.0 V amplitudes as detailed
in Reference [57]. The current oscillations at first value of AC voltage could be sensitive to existing
energy barriers which are known to be normally up to 1 eV while the second value of AC voltage
is equal to the bias utilized in DC mode of resistance measurements. The frequency range was set
from 1 Hz to 1 MHz because the frequencies below 1 Hz had significantly enhanced the measurement
time to go close to DC mode while we were interested mainly to study a relaxation behavior of the
material under high-frequency oscillations to estimate the capacitance contribution. To diminish the
possible interference effect of external electric fields, the chip and processing plate circuits were placed
into grounded metal box to serve similar to Faraday cage. The operating temperature of the chip was
maintained during the electrical measurements to be quasi-homogeneous one by a home-made circuit
based on a proportional–integral–derivative controller via adjusting the power dissipated over the
back-side heaters to get the accuracy below ±1 ◦C while the temperature distribution over the chip can
be ±10 ◦C due to intrinsic thermal properties of oxidized Si substrate [52].

For gas-sensing measurements, we placed the ZnO NR network-based multielectrode chip into
a stainless-steel chamber supplied with input and output tubes with Swagelok® connections to an
external gas delivery system. The arrangement of gas entry to the chamber ensured the gas flow to
come primarily to the chip surface as detailed elsewhere [58]. As the background gas, we employed lab
air which was filtered and dried with the help of dry air generator (PG14L, Peak Scientific, Inchinnan,
UK) fed by a precision compressor (Peak Scientific, UK). The whole setup is drawn in Figure 2.
The standard flow rate going through the chip at this study was 190 sccm. The background air of
almost zero humidity has been enriched with vapors of various alcohols (ethanol, isopropanol, and
butanol) as test ones at this research to be evaporated from permeation tubes filled with corresponding
liquids [59] using a gas generator (OVG-4, Owlstone, Cambridge, UK). The vapor concentration at
the generator output was controlled by its operating temperature and flow rate through the heating
chamber containing the permeation tubes. Two valves ensured switching of gas, background air or test
vapor mixture, to be delivered to the chip via a high-precision gas mass-flow controller (Bronkhorst,
The Netherlands) at the constant rate. We tested the vapor concentrations down to the lowest possible
values in the generator at temperatures around 40 ◦C in sub-ppm range (0.7 ppm for ethanol, 0.4 ppm
for isopropanol, 0.2 ppm for butanol) and up to 5 ppm as the highest value for each vapor. The vapors
were supplied to the chip for 2 h for each gas concentration with intermediate purging by background
air for 3 h as a standard procedure in this study to ensure obtaining equilibrium and stable chip
responses in amounts appropriate for signal processing techniques. The vapor response of ZnO NR
network segment in the multielectrode chip was calculated according to

S =
Ggas −Gair

Gair
(1)

where Ggas and Gair are the segment conductance upon chip exposures to test vapor/air mixtures and
to background air, respectively.
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Figure 2. The scheme of experimental setup to measure the gas response of ZnO NR network-based
chip. See the text for details.

To test the vapor selectivity performance of the multisensor array formed on the ZnO NR
network-based chip, we collected the resistances of segments recorded upon exposure to background
air and vapor/air mixtures as feed vector values to LDA algorithm. This technique is known to extract
the classes-related features by funding a maximum of the ratio of between-class to in-class variation
when transferring the multidimensional vector signals into a reduced coordinate system [60]. The
dimensionality of this coordinate system is equal to the number of classes, in our case, vapors of interest
together with the background air as a reference, minus one as discussed in our previous works [61,62].
Different to other powerful pattern recognition techniques, like artificial neural networks [63], this
algorithm illustrates clearly the difference between vector signals related to various measuring classes
(vapors, in our case); the Mahalanobis distance between their gravity centers in the LDA artificial
space could serve as a selectivity measure to distinguish these classes. Here, we employ mainly
2-dimensional LDA diagrams based on the first two LDA components to show the gas differentiation.

3. Results and Discussion

3.1. The Analytical Characterization of ZnO NR Network

The SEM studies reveal that the ZnO NRs grow rather randomly in order not to be perpendicular
to the substrate and constitute a mesoporous layer (Figure 3a). This structure is a favorite one for gas
sensor performance since the surface of the most oxide nanostructures is exposed to the environment.
Besides, the NRs contacts multiply each other to provide the proper electronic transport through the
NR network. The NR density over the chip surface is intrinsically inhomogeneous from segment
to segment in the multisensor array that results in variations of their functional characteristics as
discussed in Section 3.3. The diameter of the NRs varies typically from 10 nm to 20 nm while the
length goes higher than 90 nm and up to 150 nm (insert, Figure 3b) that results in rather high aspect
ratio of these structures. Such geometry in nanodomain also meets the requirement to be comparable
with Debye length in non-stoichiometric zinc oxide which should be less than 10 nm under heating
the material up to advanced operating temperatures around 300 ◦C [64]. The EDX spectrum taken
from the inspected surface of the chip supports the presence of Zn while other chemical elements are
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observed, too (Figure 3b). These elements come from electrodes (Pt and Ti), substrate (Si) and some
residuals (Cl, N) left after the NR growth.
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Figure 3. The electron microscopy characterization of the ZnO NRs grown over the multielectrode chip:
(a) SEM image of the exemplary area of the chip surface; (b) EDX spectrum recorded from the chip
surface comprising electrodes; the insert shows the Gauss distribution of NR length in the network
analyzed from the SEM image.

The data of the XPS characterization of the material at the chip surface are given in Figure 4 in
the energy ranges specific for zinc (Figure 4a,c) and oxygen (Figure 4b). The Zn 2p doublet with Zn
2p3/2 at 1022.0 eV and Zn 2p1/2 at 1045.1 eV cannot alone provide information about the oxidation state
of Zn. For a clear identification it is necessary to consider the maximum of the Zn LMM Auger line
appearing here at ~988 eV which ensures a presence of ZnO (see Reference [65]). The corresponding
O 1s peak is observed at 530.5 eV (Figure 4b). All the peak positions are in a good agreement with
literature [66]. Furthermore, the [Zn]/[O] ratio calculated using Zn 2p3/2 and O 1s peaks is equal to
1.0 ± 0.1 like expected for ZnO. The intensive O 1s peak observed at 532.3 eV stems from the underlying
SiO2 substrate surface that supports a mesoporous structure of the ZnO NR network. In addition, this
peak overlaps with the possible present surface Zn-OH groups and some surface contaminations also
observed in the C 1s spectrum (not shown here).Sensors 2019, 19, x FOR PEER REVIEW 7 of 14 
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3.2. The Electrical Characterization of ZnO NR Network Under Air Conditions

We have studied the electrical characteristics of the ZnO NR network at the chip surface in DC
and AC modes when the chip has been heated up to ca. 400 ◦C. This temperature corresponds to
optimum working one for the chip to observe rather fast and yet maximal chemiresistive performance,
as discussed in Section 3.3. Figure 5a shows the exemplary I–V curve taken from a single ZnO NR
network segment in the background air. The curve is linear which indicates absence of significant
potential barriers in the interface between the ZnO NR network and electrodes.

Sensors 2019, 19, x FOR PEER REVIEW 7 of 14 

 

   
(a) (b) (c) 

Figure 4. The XPS characterization of the ZnO NRs grown over the multielectrode chip. The chosen 
energy ranges correspond to Zn 2p (a), O 1s (b) XP peaks, and Zn LMM Auger line (c). Blue points 
are experimental data; red curves indicate fitting calculations with @Thermo Avantage software. 

3.2. The Electrical Characterization of ZnO NR Network Under Air Conditions 

We have studied the electrical characteristics of the ZnO NR network at the chip surface in DC 
and AC modes when the chip has been heated up to ca. 400 °C. This temperature corresponds to 
optimum working one for the chip to observe rather fast and yet maximal chemiresistive 
performance, as discussed in Section 3.3. Figure 5a shows the exemplary I–V curve taken from a 
single ZnO NR network segment in the background air. The curve is linear which indicates absence 
of significant potential barriers in the interface between the ZnO NR network and electrodes. 

 

 

(a) 

 
(b) (c) 

Figure 5. The electrical characterization of the ZnO NRs network at the multielectrode chip in 
background air conditions under heating to ca. 400 °C. Data for exemplary segment are shown: (a) I–
V curve taken in DC mode in two opposite direction of electrical potential variation, UDC = [−5,+5] V; 
insert shows the scheme of measurement; (b) Nyquist plot, [1:106] Hz range, the empty blue circles 
and filled red circles identify the experimental points recorded under UAC = 0.1 V and UAC = 5.0 V, 

Figure 5. The electrical characterization of the ZnO NRs network at the multielectrode chip in
background air conditions under heating to ca. 400 ◦C. Data for exemplary segment are shown: (a) I–V
curve taken in DC mode in two opposite direction of electrical potential variation, UDC = [−5,+5] V;
insert shows the scheme of measurement; (b) Nyquist plot, [1:106] Hz range, the empty blue circles
and filled red circles identify the experimental points recorded under UAC = 0.1 V and UAC = 5.0 V,
respectively. The corresponding curves going around the points are built accounting for the equivalent
electric scheme of the chemiresistors shown in the inset; (c) the ratio between full impedance, |Z|, its
imaginary, Zim, and real, Zreal, components recorded under UAC = 0.1 V and UAC = 5.0 V in dependence
on applied AC frequency.

Figure 5b draws an imaginary part of impedance, Zim, versus the real one, Zreal, of ZnO NR
network segments in the AC frequency range from 1 Hz to 106 Hz recorded in the background air.
The two spectra are recorded under the magnitude of applied AC electric potential equal to 0.1 V
and 5.0 V, accordingly. The obtained data represent a slightly distorted semicircle enabling one to
build the equivalent electric scheme of this chemiresistive element which consists of two sequential
resistor-capacitor (R-C) circuits. The first R-C component is related to “bulk” conductivity with
associated capacitance (at high frequency, see Supplementary Materials, Figure S1), while the second
one should be attributed to barriers manifested mainly by junctions existing between the ZnO NRs,
being expressed at lower frequencies [67,68]. Indeed, Figure 5c indicates how the bias magnitude
affects the impedance, its real and imaginary parts. As one can see, at low electric fields (U = 0.1 V) the
impedance at frequencies below 100 Hz is higher than that at U = 5V that appears due to the enhancing
of both parts of the impedance. We suggest it reflects the existence of potential barriers at the ZnO NR



Sensors 2019, 19, 4265 8 of 13

contacts what impact on both capacitance and resistance of the barriers (the degree of modulation is
rather similar).

3.3. The Gas-Sensing Characterization of ZnO NR Network Upon Exposure to Alcohol Vapors

We have tested the ZnO NR network-based chip when exposed to alcohol vapors in a range of
operating temperatures up to 400 ◦C, the highest possible temperature, and found in preliminary
measurements that this maximum temperature is optimal to observe rather fast and remarkable
chemiresistive effect in these nanostructures in accordance with other studies (see, for instance,
Reference [69]). Figure 6a gives an example of how the resistance of one of ZnO NR network segments
changes when isopropanol vapors appear. The resistance drops in the presence of this reducing gas
according to the electronic type of conductivity of this non-stoichiometric oxide. We show the chip
exposure to three isopropanol concentrations, from 0.4 ppm to 5 ppm, in mixture with background
air. As one can see, the effect is reversible and reproducible because the oxide nanostructures are well
stabilized. Similar data have been recorded versus ethanol and butanol vapors. The observed minute
response/recovery time of the obtained chemiresistive response still accounts for a gas delivery via the
gas-mixing setup. Such a chemiresistive behavior is explained by primary organic vapor adsorption
at the NR surface adsorption cites via acid–base reactions with further redox reactions between the
organic vapor molecules and chemisorbed oxygen [70]. These processes force the electrons localized
by oxygen species at surface region to go back to the ZnO conductance band that increases the bulk
conductivity of this n-type material and lowers the potential barriers between NRs [2,3].
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Figure 6. The gas-sensing characterization of the ZnO NR network-based multielectrode chip heated
up to ca. 400 ◦C at DC mode: (a) the typical resistance variation of exemplary segment upon chip
exposure to isopropanol vapors mixed with air at concentration of 0.4 ppm, 1 ppm and 5 ppm; (b) the
dependence of chemiresistive response of the segments in the multisensor array to three alcohol vapors
on their concentration; the error bar shows the scatter of data over the multisensor array.

We have collected the chemiresistive data for all the ZnO NR network segments of the multisensor
array in Figure 6b as the response-to-concentration curves characterizing the three test vapors of
ethanol, isopropanol and butanol. The obtained data follow Freundlich adsorption isotherm, S ∼ Ca,
where the power index a characterizing different alcohols is equal to 0.42, 0.78, 0.62 for ethanol,
isopropanol and butanol vapors, respectively, which are rather typical values for chemiresistive oxides.
The error bars given at the curves of Figure 6b display the variation of chemiresistive properties of
ZnO NR segments in the multisensor array which seems to come from variations of the local density
of the nanorod network. The detection limit of the developed sensors is comparable with that of
chemiresistive elements based on SnO2 nanobelts recorded under similar conditions [71].

As noted above, the ZnO NR chemiresistive segments in the chip are not selective to the kind of
alcohol vapors. Therefore, to distinguish the vapors we considered the vector signals generated by the
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on-chip multisensor array with LDA. Prior feeding the pattern recognition algorithm, all the resistance
values of the multisensor array recorded upon exposure to various gases have been divided by median
one over the array as detailed in Reference ([71], Supplementary Materials) firstly to reduce the possible
drift effects. Primarily, we were interested in selective identifying the test alcohol vapors at a sub-ppm
range where the sensor signals are at their lowest. The obtained data are presented in Figure 7a as
a projection of the multisensor array vector signals to the plane of the first two LDA components.
In order to frame the LDA space into areas which belong to test organic vapors, the circles have been
built around the experimental points with 0.95 confidence probability based on sampling of 20 training
vector points. As one can see, the point clusters related to different alcohols are well distinguished
with the average distance between gravity centers equal to about 12.5 un. When processing separately
the vector signals generated by the ZnO NR multisensor array to vapors of higher concentrations,
the distance between vapor-related clusters is enlarged up to approx. 21 un. due to higher sensor
responses (Figure 7b).
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Figure 7. The processing of vector signal generated by ZnO NR network-based multisensor array
by LDA: (a) the recognition of the signals to vapors at sub-ppm concentrations (0.7 ppm for ethanol,
0.4 ppm for isopropanol, 0.2 ppm for butanol) in mixture with background air, the circles are built
around the cluster gravity centers with 0.95 confidence probability based on sampling of 20 training
vector points; (b) the average distance between vapor-related clusters in LDA space when processing
vector signals to vapors at sub-ppm, 1 ppm, 5 ppm, and all-range concentrations; (c) the recognition of
vapors at all concentrations in range from sub-ppm to 5 ppm, the spheres are drawn to indicate the
areas in the LDA space related to test vapors.

Considering real-practice conditions, the most interesting ability is to selectively distinguish the
vapors appeared independent on concentration. Therefore, we processed all the vector signals from the
ZnO NR multisensor array recorded upon exposure to three alcohol vapors at the whole concentration
range. Such a concentration variation results in the reduction of the average distance between the
vapor-related clusters down to 6 un., which is still enough to reliably identify the kind of vapors, as one
can see in Figure 7c. In order to distinguish and eliminate the effect of interferences like humidity
under practical applications, the multisensor array could be further calibrated as shown previously in
Reference [72].
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4. Conclusions

This study shows that the hydrothermal route is a cost-effective and powerful method to develop
multisensor arrays based on ZnO NRs. We found that even pristine variations of NR network density
are enough to obtain the gas-specific vector signals which could be employed to distinguish chemically
akin organic vapors, like alcohols of various kinds, while the NR morphology allows us to obtain a high
sensitivity with a detection limit down to sub-ppm of concentrations. As shown in many other works
dealing with ZnO NRs, there is plenty of room for further doping of this material with surface and
bulk catalytic elements which could advance both its sensitivity and selectivity to further adjust the
characteristics of the multisensor array for specific applications versus gases of interest. The practical
aspects of the ZnO NR-based multisensor array performance over a long time will be addressed in
further work.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/19/19/4265/s1,
Figure S1: The high-frequency section of Nyquist plot of Figure 5b.

Author Contributions: A.B. and A.V. initiated the project. A.B. synthesized ZnO NRs. M.S. manufactured the
multielectrode chip. A.V. and I.P. designed and performed electrical/gas-sensing studies. F.S.F. and V.G. analyzed
the Z(f) characteristics. V.T., U.G. carried out XPS and SEM characterization, respectively. V.M. and V.S. managed
the project and wrote the manuscript with contributions from all other authors.

Funding: A.V., I.P., F.S.F., V.S. thank Russ. Ministry of Education and Science for their support by grant no.
16.1119.2017/4.6. A.V., I.P. thank Russ. Sci. Foundation for partial support by grant no. 19-72-10052. The K-Alpha+
XPS Spectrometer and the ZEISS MERLIN SEM were financially supported by German Federal Ministry of
Economics and Technology, BMBF grant no. 03ET6017. V.S. thanks the DAAD scholarship, no. 91619230.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lewis, A.; Edwards, P. Validate personal air-pollution sensors. Nature 2016, 535, 29–31. [CrossRef] [PubMed]
2. Kupriyanov, L.Y. (Ed.) Semiconductor Sensors in Physico-Chemical Studies; Elsevier: Amsterdam,

The Netherlands, 1996.
3. Korotcenkov, G.; Sysoev, V. Conductometric metal oxide gas sensors: Principles of operation and approaches

to fabrication. In Chemical Sensors: Comprehensive Sensor Technologies; Korotcenkov, G., Ed.; Volume 4: Solid
State Devices; Momentum Press: New York, NY, USA, 2011; pp. 53–186.

4. Seiyama, T.; Kato, A.; Fujiishi, K.; Nagatahi, M. A new detector for gaseous components using semiconductive
thin films. Anal. Chem. 1962, 34, 1502–1503. [CrossRef]

5. Taguchi, N. Gas Detecting Device. U.S. Patent 3,695,848, 3 October 1972.
6. Wolkenstein, T. Electronic Processes on Semiconductor Surfaces during Chemisorption; Consultants Bureau:

New York, NY, USA, 1991; p. 460.
7. Kissine, V.V.; Sysoev, V.V.; Voroshilov, S.A. Individual and collective effects of oxygen and ethanol on the

conductance of SnO2 thin films. Appl. Phys. Lett. 2000, 76, 2391–2393. [CrossRef]
8. Rothschild, A.; Komem, Y. The effect of grain size on the sensitivity of nanocrystalline metal-oxide gas

sensors. J. Appl. Phys. 2004, 95, 6374–6380. [CrossRef]
9. Ahmad, R.; Majhi, S.M.; Zhang, X.; Swager, T.M.; Salama, K.N. Recent progress and perspectives of gas

sensors based on vertically oriented ZnO nanomaterials. Adv. Colloid Interface Sci. 2019, 270, 1–27. [CrossRef]
[PubMed]

10. Comini, E.; Baratto, C.; Faglia, G.; Ferroni, M.; Vomiero, A.; Sberveglieri, G. Quasi-one dimensional metal
oxide semiconductors: Preparation, characterization and application as chemical sensors. Prog. Mater. Sci.
2009, 54, 1–67. [CrossRef]

11. Kang, B.S.; Wang, H.T.; Tien, L.C.; Ren, F.; Gila, B.P.; Norton, D.P.; Abernathy, C.R.; Lin, J.; Pearton, S.J. Wide
bandgap semiconductor nanorod and thin film gas sensors. Sensors 2006, 6, 643–666. [CrossRef]

12. Kolmakov, A.; Moskovits, M. Chemical sensing and catalysis by one-dimensional metal-oxide nanostructures.
Annu. Rev. Mater. Res. 2004, 34, 151–180. [CrossRef]

13. Devan, R.S.; Patil, R.A.; Lin, J.H.; Ma, Y.R. One-dimensional metal-oxide nanostructures: Recent developments
in synthesis, characterization, and applications. Adv. Funct. Mater. 2012, 22, 3326–3370. [CrossRef]

http://www.mdpi.com/1424-8220/19/19/4265/s1
http://dx.doi.org/10.1038/535029a
http://www.ncbi.nlm.nih.gov/pubmed/27383969
http://dx.doi.org/10.1021/ac60191a001
http://dx.doi.org/10.1063/1.126381
http://dx.doi.org/10.1063/1.1728314
http://dx.doi.org/10.1016/j.cis.2019.05.006
http://www.ncbi.nlm.nih.gov/pubmed/31154073
http://dx.doi.org/10.1016/j.pmatsci.2008.06.003
http://dx.doi.org/10.3390/s6060643
http://dx.doi.org/10.1146/annurev.matsci.34.040203.112141
http://dx.doi.org/10.1002/adfm.201201008


Sensors 2019, 19, 4265 11 of 13

14. Oezguer, U.; Hofstetter, D.; Morkoc, H. ZnO devices and applications: A review of current status and future
prospects. Proc. IEEE 2010, 98, 1255–1268. [CrossRef]

15. Udom, I.; Ram, M.K.; Stefanakos, E.K.; Hepp, A.F.; Goswami, D.Y. One dimensional-ZnO nanostructures:
Synthesis, properties and environmental applications. Mater. Sci. Semicond. Process. 2013, 16, 2070–2083.
[CrossRef]

16. Pascariu, P.; Homocianu, M. ZnO-based ceramic nanofibers: Preparation, properties and applications.
Ceram. Int. 2019, 15, 11158–11173. [CrossRef]

17. Baratto, C. Growth and properties of ZnO nanorods by RF sputtering for detection of toxic gases. RSC Adv.
2018, 8, 32038. [CrossRef]

18. Wang, H.T.; Kang, B.S.; Ren, F.; Tien, L.C.; Sadik, P.W.; Norton, D.P.; Pearton, S.J.; Lin, J. Hydrogen-selective
sensing at room temperature with ZnO nanorods. Appl. Phys. Lett. 2005, 86, 243503. [CrossRef]

19. Kuo, C.G.; Chen, J.H.; Chao, Y.C.; Chen, P.L. Fabrication of a P3HT-ZnO nanowires gas sensor detecting
ammonia gas. Sensors 2018, 18, 37. [CrossRef]

20. Yan, D.; Hu, M.; Li, S.; Liang, J.; Wu, Y.; Ma, S. Electrochemical deposition of ZnO nanostructures onto porous
silicon and their enhanced gas sensing to NO2 at room temperature. Electrochim. Acta 2014, 115, 297–305.
[CrossRef]

21. Bai, S.; Sun, C.; Guo, T.; Luo, R.; Lin, Y.; Chen, A.; Sun, L.; Zhang, J. Low temperature electrochemical
deposition of nanoporous ZnO thin films as novel NO2 sensors. Electrochim. Acta 2013, 90, 530–534.
[CrossRef]

22. Shankar, P.; Rayappan, J.B.B. Room temperature ethanol sensing properties of ZnO nanorods prepared using
an electrospinning technique. J. Mater. Chem. C 2017, 5, 10869. [CrossRef]

23. Choudharya, S.; Annapoornia, S.; Malik, R. Evolution and growth mechanism of hexagonal ZnO nanorods
and their LPG sensing response at low operating temperature. Sens. Actuators A Phys. 2019, 293, 207–214.
[CrossRef]

24. Lee, J.; Lee, S.H.; Bak, S.Y.; Kim, Y.; Woo, K.; Lee, S.; Lim, Y.; Yi, M. Improved sensitivity of α-Fe2O3

nanoparticle-decorated ZnO nanowire gas sensor for CO. Sensors 2019, 19, 1903. [CrossRef]
25. Vabbina, P.K.; Kaushik, A.; Pokhrel, N.; Bhansali, S.; Pala, N. Electrochemical cortisol immunosensors based

on sonochemically synthesized zinc oxide 1D nanorods and 2D nanoflakes. Biosens. Bioelectron. 2015, 63,
124–130. [CrossRef] [PubMed]

26. Sun, X.M.; Chen, X.; Deng, Z.X.; Li, Y.D. CTAB-assisted hydrothermal orientation growth of ZnO nanorods.
Mater. Chem. Phys. 2002, 78, 99–104. [CrossRef]

27. Baruah, S.; Dutta, J. Hydrothermal growth of ZnO nanostructures. Sci. Technol. Adv. Mater. 2009, 10, 013001.
[CrossRef] [PubMed]

28. Hsu, W.D.; Tsai, J.K.; Tang, J.Y.; Meen, T.H.; Wu, T.C. Zinc-oxide nanorod array fabricated by high temperature
hydrothermal method applied to gas sensor. Microsyst. Technol. 2018, 24, 3957–3963. [CrossRef]

29. Zhou, Q.; Chen, W.; Xu, L.; Peng, S. Hydrothermal synthesis of various hierarchical ZnO nanostructures and
their methane sensing properties. Sensors 2013, 13, 6171–6182. [CrossRef] [PubMed]

30. Kwon, D.K.; Porte, Y.; Ko, K.Y.; Kim, H.; Myoung, J.M. High-performance flexible ZnO nanorod UV/gas
dual sensors using Ag nanoparticle templates. ACS Appl. Mater. Interfaces 2018, 10, 31505–31514. [CrossRef]
[PubMed]

31. Jagadale, S.B.; Patil, V.L.; Vanalakar, S.A.; Patil, P.S.; Deshmukh, H.P. Preparation, characterization of 1D ZnO
nanorods and their gas sensing properties. Ceram. Int. 2018, 44, 3333–3340. [CrossRef]

32. Singh, P.; Hu, L.L.; Zan, H.W.; Tseng, T.Y. Highly sensitive nitric oxide gas sensor based on ZnO-nanorods
vertical resistor operated at room temperature. Nanotechnology 2019, 30, 095501. [CrossRef]

33. Zhang, H.; Zhang, M.; Lin, C.; Zhang, J. AuNPs hybrid black ZnO nanorods made by a sol-gel method for
highly sensitive humidity sensing. Sensors 2018, 18, 218. [CrossRef]

34. Yadav, A.B.; Parvathi, P.V.; Thabassum, S.R. Effect of precursor chemistry on the structural and sensing
properties of hydrothermally grown nanorods. Appl. Phys. A 2019, 125, 446. [CrossRef]

35. Wang, J.X.; Sun, X.W.; Yang, Y.; Huang, H.; Lee, Y.C.; Tan, O.K.; Vayssieres, L. Hydrothermally grown
oriented ZnO nanorod arrays for gas sensing applications. Nanotechnology 2006, 17, 4995–4998. [CrossRef]

36. Bie, L.J.; Yan, X.N.; Yin, J.; Duan, Y.Q.; Yuan, Z.H. Nanopillar ZnO gas sensor for hydrogen and ethanol.
Sens. Actuators B 2007, 126, 604–608. [CrossRef]

http://dx.doi.org/10.1109/JPROC.2010.2044550
http://dx.doi.org/10.1016/j.mssp.2013.06.017
http://dx.doi.org/10.1016/j.ceramint.2019.03.113
http://dx.doi.org/10.1039/C8RA05357J
http://dx.doi.org/10.1063/1.1949707
http://dx.doi.org/10.3390/s18010037
http://dx.doi.org/10.1016/j.electacta.2013.10.007
http://dx.doi.org/10.1016/j.electacta.2012.12.060
http://dx.doi.org/10.1039/C7TC03771F
http://dx.doi.org/10.1016/j.sna.2019.04.048
http://dx.doi.org/10.3390/s19081903
http://dx.doi.org/10.1016/j.bios.2014.07.026
http://www.ncbi.nlm.nih.gov/pubmed/25064820
http://dx.doi.org/10.1016/S0254-0584(02)00310-3
http://dx.doi.org/10.1088/1468-6996/10/1/013001
http://www.ncbi.nlm.nih.gov/pubmed/27877250
http://dx.doi.org/10.1007/s00542-017-3546-y
http://dx.doi.org/10.3390/s130506171
http://www.ncbi.nlm.nih.gov/pubmed/23666136
http://dx.doi.org/10.1021/acsami.8b13046
http://www.ncbi.nlm.nih.gov/pubmed/30133251
http://dx.doi.org/10.1016/j.ceramint.2017.11.116
http://dx.doi.org/10.1088/1361-6528/aaf7cb
http://dx.doi.org/10.3390/s18010218
http://dx.doi.org/10.1007/s00339-019-2740-4
http://dx.doi.org/10.1088/0957-4484/17/19/037
http://dx.doi.org/10.1016/j.snb.2007.04.011


Sensors 2019, 19, 4265 12 of 13

37. Quy, C.T.; Hung, C.M.; Duy, N.V.; Hoa, N.D.; Jiao, M.; Nguyen, H. Ethanol-sensing characteristics of
nanostructured ZnO: Nanorods, nanowires, and porous nanoparticles. J. Electron. Mater. 2017, 46, 3406–3411.
[CrossRef]

38. Liu, J.; Yi, F. Fabrication and properties of ZnO nanorods on silicon nanopillar surface for gas sensor
application. J. Mater. Sci. Mater. Electron. 2019, 30, 11404–11411. [CrossRef]

39. Ridha, N.J.; Alosfur, F.K.M.; Jumali, M.H.H.; Radiman, S. Dimensional effect of ZnO nanorods on gas-sensing
performance. J. Phys. D Appl. Phys. 2018, 51, 435101. [CrossRef]

40. Zhu, L.; Zeng, W.; Li, Y. New insight into gas sensing property of ZnO nanorods and nanosheets. Mater. Lett.
2018, 228, 331–333. [CrossRef]

41. Jiaqiang, X.; Yuping, C.; Daoyong, C.; Jianian, S. Hydrothermal synthesis and gas sensing characters of ZnO
nanorods. Sens. Actuators B Chem. 2006, 113, 526–531. [CrossRef]

42. Wang, L.; Kang, Y.; Liu, X.; Zhang, S.; Huang, W.; Wang, S. ZnO nanorod gas sensor for ethanol detection.
Sens. Actuators B Chem. 2012, 162, 237–243. [CrossRef]

43. Zhao, S.; Shen, Y.; Yan, X.; Zhou, P.; Yin, Y.; Lu, R.; Han, C.; Cui, B.; Wei, D. Complex-surfactant-assisted
hydrothermal synthesis of one-dimensional ZnO nanorods for high-performance ethanol gas sensor.
Sens. Actuators B Chem. 2019, 286, 501–511. [CrossRef]

44. Ali, R.N.; Diao, K.; Naz, H.; Cui, X.; Xiang, B. Synthesis, characterization, and applications of zinc oxide
nanoparticles and nanorods in acetone gas detection. Mater. Res. Express 2017, 4, 095015. [CrossRef]

45. Hadiyan, M.; Salehi, A.; Koohi-Saadi, A. Sub-ppm acetone gas sensing properties of free-standing ZnO
nanorods. J. Electroceramics 2019, 42, 147–155. [CrossRef]

46. Gao, R.; Cheng, X.; Gao, S.; Zhang, X.; Xu, Y.; Zhao, H.; Huo, L. Highly selective detection of saturated vapors
of abused drugs by ZnO nanorod bundles gas sensor. Appl. Surf. Sci. 2019, 485, 266–273. [CrossRef]

47. Zhou, F.; Jing, W.; Liu, P.; Han, D.; Jiang, Z.; Wei, Z. Doping Ag in ZnO nanorods to improve the performance
of related enzymatic glucose sensors. Sensors 2017, 17, 2214. [CrossRef] [PubMed]

48. Nazemi, H.; Joseph, A.; Park, J.; Emadi, A. Advanced micro- and nano-gas sensor technology: A review.
Sensors 2019, 19, 1285. [CrossRef] [PubMed]

49. Persaud, K.; Dodd, G. Analysis of discrimination mechanisms in the mammalian olfactory system using a
model nose. Nature 1982, 299, 352–355. [CrossRef] [PubMed]

50. Gardner, J.W.; Bartlett, P.N. A brief history of electronic noses. Sens. Actuators B Chem. 1994, 18, 211–221.
[CrossRef]

51. Goschnick, J. An electronic nose for intelligent consumer products based on a gas analytical gradient
microarray. Microelectron. Eng. 2001, 57–58, 693–704. [CrossRef]

52. Sysoev, V.V.; Kiselev, I.; Frietsch, M.; Goschnick, J. Temperature gradient effect on gas discrimination power
of a metal-oxide thin-film sensor microarray. Sensors 2004, 4, 37–46. [CrossRef]

53. Bobkov, A.A.; Maximov, A.I.; Moshnikov, V.A.; Somov, P.A.; Terukov, E.I. Zinc-oxide-based nanostructured
materials for heterostructure solar cells. Semiconductors 2015, 49, 1357–1360. [CrossRef]

54. Lashkova, N.A.; Maximov, A.I.; Ryabko, A.A.; Bobkov, A.A.; Moshnikov, V.A.; Terukov, E.I. Synthesis
of ZnO-based nanostructures for heterostructure photovoltaic cells. Semiconductors 2016, 50, 1254–1260.
[CrossRef]

55. Scofield, J.H. Hartree-Slater subshell photoionization cross-sections at 1254 and 1487 eV. J. Electron Spectrosc.
Relat. Phenom. 1976, 8, 129–137. [CrossRef]

56. Fedorov, F.; Podgainov, D.; Varezhnikov, A.; Lashkov, A.; Gorshenkov, M.; Burmistrov, I.; Sommer, M.;
Sysoev, V. The potentiodynamic bottom-up growth of the tin oxide nanostructured layer for gas-analytical
multisensor array chips. Sensors 2017, 17, 1908. [CrossRef] [PubMed]

57. Fedorov, F.S.; Varezhnikov, A.S.; Kiselev, I.; Kolesnichenko, V.V.; Burmistrov, I.N.; Sommer, M.; Fuchs, D.;
Kübel, C.; Gorokhovsky, A.V.; Sysoev, V.V. Potassium polytitanate gas-sensor study by impedance
spectroscopy. Anal. Chim. Acta 2015, 897, 81–86. [CrossRef] [PubMed]

58. Sysoev, V.V.; Strelcov, E.; Sommer, M.; Bruns, M.; Kiselev, I.; Habicht, W.; Kar, S.; Gregoratti, L.; Kiskinova, M.;
Kolmakov, A. Single-nanobelt electronic nose: Engineering and tests of the simplest analytical element.
ACS Nano 2010, 4, 4487–4494. [CrossRef] [PubMed]

59. Washenfelder, R.A.; Roehl, C.M.; McKinney, K.A.; Julian, R.R.; Wennberg, P.O. A compact, lightweight gas
standards generator for permeation tubes. Rev. Sci. Instrum. 2003, 74, 3151–3154. [CrossRef]

http://dx.doi.org/10.1007/s11664-016-5270-2
http://dx.doi.org/10.1007/s10854-019-01489-5
http://dx.doi.org/10.1088/1361-6463/aadecb
http://dx.doi.org/10.1016/j.matlet.2018.06.049
http://dx.doi.org/10.1016/j.snb.2005.03.097
http://dx.doi.org/10.1016/j.snb.2011.12.073
http://dx.doi.org/10.1016/j.snb.2019.01.127
http://dx.doi.org/10.1088/2053-1591/aa8a3a
http://dx.doi.org/10.1007/s10832-018-0170-x
http://dx.doi.org/10.1016/j.apsusc.2019.04.189
http://dx.doi.org/10.3390/s17102214
http://www.ncbi.nlm.nih.gov/pubmed/28953217
http://dx.doi.org/10.3390/s19061285
http://www.ncbi.nlm.nih.gov/pubmed/30875734
http://dx.doi.org/10.1038/299352a0
http://www.ncbi.nlm.nih.gov/pubmed/7110356
http://dx.doi.org/10.1016/0925-4005(94)87085-3
http://dx.doi.org/10.1016/S0167-9317(01)00553-6
http://dx.doi.org/10.3390/s40400037
http://dx.doi.org/10.1134/S1063782615100048
http://dx.doi.org/10.1134/S106378261609013X
http://dx.doi.org/10.1016/0368-2048(76)80015-1
http://dx.doi.org/10.3390/s17081908
http://www.ncbi.nlm.nih.gov/pubmed/28820490
http://dx.doi.org/10.1016/j.aca.2015.09.029
http://www.ncbi.nlm.nih.gov/pubmed/26515008
http://dx.doi.org/10.1021/nn100435h
http://www.ncbi.nlm.nih.gov/pubmed/20731432
http://dx.doi.org/10.1063/1.1570949


Sensors 2019, 19, 4265 13 of 13

60. Hierlemann, A.; Gutierrez-Osuna, R. Higher-order chemical sensing. Chem. Rev. 2008, 108, 563–613.
[CrossRef]

61. Fedorov, F.; Vasilkov, M.; Lashkov, A.; Varezhnikov, A.; Fuchs, D.; Kübel, C.h.; Bruns, M.; Sommer, M.;
Sysoev, V. Toward new gas-analytical multisensor chips based on titanium oxide nanotube array. Sci. Rep.
2017, 7, 9732. [CrossRef]

62. Sysoev, V.V.; Strelcov, E.; Kar, S.; Kolmakov, A. The electrical characterization of a multi-electrode odor
detection sensor array based on the single SnO2 nanowire. Thin Solid Film. 2011, 520, 898–903. [CrossRef]

63. Lipatov, A.; Varezhnikov, A.; Wilson, P.; Sysoev, V.; Kolmakov, A.; Sinitskii, A. Highly selective gas sensor
arrays based on a thermally reduced graphene oxide. Nanoscale 2013, 5, 5426–5434. [CrossRef]

64. Chen, Y.; Zhu, C.L.; Xiao, G. Reduced-temperature ethanol sensing characteristics of flower-like ZnO
nanorods synthesized by a sonochemical method. Nanotechnology 2006, 17, 4537–4541. [CrossRef]

65. Althagafi, T.M.; Al Baroot, A.F.; Grell, M. A new precursor route to semiconducting zinc oxide. IEEE Electron
Device Lett. 2016, 37, 1299–1302. [CrossRef]

66. Barreca, D.; Gasparotto, A.; Maccato, C.; Maragno, C.; Tondello, E. ZnO nanoplatelets obtained by chemical
vapor deposition, studied by XPS. Surf. Sci. Spectra 2007, 14, 19. [CrossRef]

67. Beekmans, N.M.; Heyne, L. Correlation between impedance, microstructure and composition of
calcia-stabilized zirconia. Electrochim. Acta 1976, 21, 303–310. [CrossRef]

68. Van Dijk, T.; Burggraaf, A.J. Grain boundary effects on ionic conductivity in ceramic GdxZr1–XO2–(x/2) solid
solutions. Phys. Status Solidi 1981, 63, 229–240. [CrossRef]

69. Singh, R.C.; Singh, O.; Singh, M.P.; Chandic, P.S. Synthesis of zinc oxide nanorods and nanoparticles by
chemical route and their comparative study as ethanol sensors. Sens. Actuators B Chem. 2008, 135, 352–357.
[CrossRef]

70. Karpova, S.S.; Moshnikov, V.A.; Mjakin, S.V.; Kolovangina, E.S. Surface functional composition and sensor
properties of ZnO, Fe2O3, and ZnFe2O4. Semiconductors 2013, 47, 392–395. [CrossRef]

71. Sysoev, V.V.; Goschnick, J.; Schneider, T.; Strelcov, E.; Kolmakov, A. A gradient microarray electronic nose
based on percolating SnO2 nanowire sensing elements. Nano Lett. 2007, 7, 3182–3188. [CrossRef]

72. Kiselev, I.; Sysoev, V.; Kaikov, I.; Koronczi, I.; Tegin, R.A.A.; Smanalieva, J.; Sommer, M.; Ilicali, C.;
Hauptmannl, M. On temporal stability of analyte recognition with E-nose based on metal oxide sensor array
in practical applications. Sensors 2018, 18, 550. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/cr068116m
http://dx.doi.org/10.1038/s41598-017-10495-8
http://dx.doi.org/10.1016/j.tsf.2011.04.179
http://dx.doi.org/10.1039/c3nr00747b
http://dx.doi.org/10.1088/0957-4484/17/18/002
http://dx.doi.org/10.1109/LED.2016.2603520
http://dx.doi.org/10.1116/11.20071001
http://dx.doi.org/10.1016/0013-4686(76)80024-2
http://dx.doi.org/10.1002/pssa.2210630131
http://dx.doi.org/10.1016/j.snb.2008.09.004
http://dx.doi.org/10.1134/S1063782613030123
http://dx.doi.org/10.1021/nl071815+
http://dx.doi.org/10.3390/s18020550
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	The Analytical Characterization of ZnO NR Network 
	The Electrical Characterization of ZnO NR Network Under Air Conditions 
	The Gas-Sensing Characterization of ZnO NR Network Upon Exposure to Alcohol Vapors 

	Conclusions 
	References

