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Abstract—A method for the formation of nanostractured coatings from ZnO nanorods for use in adsorption
gas sensors is presented. It has been shown that ultrasonic spray pyrolysis provides the formation of local growth
centers for the formation of ZnO nanorods by the low-temperature hydrothermal synthesis. The obtained ZnO
nanorods with a small diameter demonstrate a high concentration of oxygen vacancies in the near-surface region
of the nanorods and a high surface concentration of hydroxyl groups. An additional method is proposed for test-
ing seed layers by resistance using a liquid probe based on an indium-gallium melt without the need to apply top
contacts. The presented technique is suitable for mass production of sensor coatings. The obtained nanostruc-
tured coatings from ZnO nanorods demonstrate a high gas analytical response.
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INTRODUCTION

Adsorption resistive gas sensors based on nano-
structured metal oxides are used to detect toxic and
flammable gases in the surrounding atmosphere, in
medical diagnostics, as a rule, they are characterized
by low cost, high sensitivity and good response speed
[1-5]. Currently, there are two main directions of
development of adsorption gas sensors: the creation of
multisensors of “electronic nose” type to determine
the composition of the gas mixture, as well as the cre-
ation of adsorption sensors that work at room tem-
perature, where optical generation of charge carriers is
often used to activate gas sensitivity [6—13]. Neverthe-
less, such characteristics of adsorption gas sensors as
high sensitivity and low cost are also key for the further
development and practical application of sensors.

As a sensor material, one-dimensional nanostruc-
tures are particularly attractive, the use of which can
lead to an increase of the reaction rate and recovery of
the sensor due to faster transport of charge carriers
than in structures that consist of particles forming
many potential barriers for transport of charge carriers
[14—19]. At the same time, the diameter of the

nanorods should be small enough (commensurate
with the value of the Debye screening depth) so that the
effect of changing the cross-section of the conduction
channel is significant when oxygen is adsorbed in a
charged form. Zinc oxide nanorods [17—22] are widely
used as one-dimensional structures for gas sensors. This
is due not only to the physical properties of the material,
but also to the possibility of synthesis of such structures
by the low-temperature hydrothermal method. The
method allows controlling the morphology of ZnO
nanocrystals and hierarchical structures based on them
in a wide range, and also due to the low synthesis tem-
perature (7< 100°C) does not require the use of special
equipment, except for the thermostat [23—28].

ZnO nanorods are applied to a substrate with elec-
trodes by centrifugation and irrigation methods to
form the sensor layer. The filamentous shape of the
nanocrystals also makes it possible to synthesize the
sensor layer directly on the substrate. This approach to
the formation of the sensor layer ensures its adhesion
to the substrate surface. Hydrothermal synthesis of
nanorods on a substrate requires the presence of
nucleation centers for subsequent growth of nanocrys-
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tals. Seed nanocrystals which are pre-applied to the
surface of the substrate are used as such centers. Seed
layers for the subsequent synthesis of zinc oxide
nanorods are most often formed in laboratory studies
by centrifugation, which is usually accompanied by
good gas sensitivity of the final nanostructured coat-
ings [8, 29, 30]. However, the use of centrifugation in
the mass production of resistive gas sensors is difficult.

The aim of this work was to obtain nanostructured
sensor layers from zinc oxide nanorods using a scal-
able technique based on a low-temperature hydrother-
mal method using seed layers obtained by ultrasonic
spray pyrolysis. The technique used in this work is
considered as suitable for mass production of adsorp-
tion sensor coatings based on ZnO nanorods.

1. EXPERIMENT

Coatings made of ZnO nanorods were formed
using a low-temperature hydrothermal method, in
which a decrease of the operating temperature of the
synthesis was provided by using sources of hydroxyl
groups. In this work, hexamethylenetetramine (HMTA)
was used as a source of hydroxyl groups C¢H,Ny,
capable of maintaining the pH of the medium for a
long time due to the mutual impact of ongoing reac-
tions [25]:

C4Hp,N, + 6H,0 <> 4NH, + 6HCHO,

NH, + H,0 <& NH; + OH™

The rate of hydrolysis of HMTA decreases with the
increase of pH and increases with the decrease of pH.
Zinc nitrate (hexahydrate, Zn(NO;), - 6H,0) was
used as a zinc source for the formation of ZnO
nanorods. Zinc nitrate, when dissolved, forms zinc
ions Zn?*, which interact with hydroxide ions OH~
and form zinc hydroxides, which pass into zinc oxide
at the operating temperature of synthesis:

Zn*" + OH™ « [Zn(OH)T,
Zn*" +20H™ < Zn(OH),,
Zn™ +30H" < [Zn(OH),[,

Zn*" +40H & [Zn(OH),]",
which then condense as oxide:

[Zn(OH),I” <> ZnO+ H,0 +20H".

The reactions occurring in solution can be summa-
rized as follows:

NH; + H,0 <> NH* + OH",
Zn> + nNH; < [Zn(NHy)al™,

Zn** +20H™ < Zn(OH),,
Zn(OH), <> ZnO + H,0.
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Thus, in the process of hydrothermal synthesis, the
formation of ZnO nanorods with a wurtzite structure
is ensured. The concentration of zinc nitrate and
HMTA was chosen equimolar (10 mmol/l), which,
according to the literature, provides the highest aspect
ratio of ZnO [26] nanorods. Additionally, cetyltrime-
thylammonium bromide (CTAB) was added to the
growth solution C,;H;;N(CHj3);Br (with a concentra-
tion of 1 mmol/l), as a surfactant substances. CTAB
can additionally promote preferential growth along the
[0001] direction, i.e., increase the aspect ratio of the
nanorods, and also serve as an agglomeration inhibi-
tor, forming a coating film on the ZnO [31] crystal.
Low-temperature hydrothermal synthesis was carried
out in a circulation thermostat (LOIP LT-208a) at a
temperature of 86°C for 1 h. After synthesis, the sam-
ples were annealed in a muffle furnace in an air atmo-
sphere at a temperature of 500°C for 5 min.

The seed layer was applied before the hydrothermal
synthesis stage by ultrasonic spray pyrolysis to ceramic
substrates with counter-pin NiCr/Ni/Au electrodes
for obtaining a sensor coating from ZnO nanorods
(Sensor Platform, Tesla Blatna). The width of the
NiCr/Ni/Au electrodes on the substrate and the dis-
tance between them was approximately 25 um. The
ultrasonic spray pyrolysis was carried out using silicon
substrates for optimization of the duration of applica-
tion of the ZnO seed layer to study the morphology of
coatings by atomic force microscopy and transparent
substrates were used for determining the thickness of
the ZnO seed layers. The thickness of the thickest (ref-
erence) film ZnO (~130 nm) was determined using
ellipsometry (LEF-2). Effective thickness values for
thin films were determined relative to the reference film
by optical density spectra at a wavelength of 350 nm,
since films obtained within units of minutes had a
more porous or insular structure. The resistance of the
obtained seed layers was also measured using a liquid
probe based on eutectic indium-gallium melt (eGain)
by controlled supply of a liquid probe with the forma-
tion of a contact of the same spot area. The supply of a
liquid probe formed in the form of a cone and the size
of the contact spot area was guided by the optical
microscope. The use of a liquid eGain probe allows
reducing the pressure and mechanical deformation of
the studied samples [32]. Transparent conductive
coatings (~10 €/sq) based on indium tin oxide (ITO)
on glass substrates were used as the lower electrode.
The ITO-coated substrates were pre-sorted to reduce
the effect of resistance deviations.

Seed layers with an effective thickness of ~13.3 and
2.3 nm were used for the synthesis of sensor coatings
from nanorods and subsequent measurements of gas
sensitivity based on the results of studies of seed layers.
The gas sensitivity of sensor coatings was measured
using the developed test bench at a temperature of
~150°C and using isopropyl alcohol vapors as the ana-
lyzed reducing gas [33]. The heating temperature of
the sensor coating reduced to 150°C is characterized
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by safer modes for measuring the gas content at high
concentrations near the explosive limit. The concen-
tration range of isopropyl alcohol ranged from 200 to
1000 ppm. The current through the samples was
recorded using a Keithley 6485 picoammeter.

The optical density spectra of the seed layers were
determined using a PE-5400UF spectrophotometer.
The morphology of the seed layers was studied using
the Integra Terma probe nanolab (NT-MDT). The
morphology of the nanostructured sensor coating
made of ZnO nanorods was recorded using a Zeiss
Supra 25 scanning electron microscope. The surface
of the ZnO nanorods was studied using X-ray photo-
electron spectroscopy (XPS). The XPS study was car-
ried out in ultrahigh vacuum conditions (~10~7 Pa)
using a complex photoelectron spectrometer Escalab
250Xi (Thermo Fisher Scientific Inc.) with the energy
of exciting radiation Al K, = 1486 eV. The RFES spec-
tra were processed using the CasaXPS software ver-
sion 2.3.24.

2. FINDINGS AND DISCUSSION

SEM image of the formed sensor coating of ZnO
nanorods on a ceramic substrate with counter-pin
electrodes is shown in Fig. 1. Darker areas in the SEM
image represent the coating of nanorods formed on
the interelectrode regions of a ceramic substrate,
which is shown on an enlarged scale in the insert on
the right. The lighter areas of the substrate represent a
coating of nanorods formed on the surface of Au elec-
trodes that, accordingly, does not participate in elec-
trical conductivity. The gas-sensitive response is due
only to the ZnO nanorods in the interelectrode region.
As can be seen, the coating in the interelectrode region
consists of arrays of ZnO nanorods that are in contact
with each other, which is due to the topology of the
surface of the ceramic substrate.

The selected concentrations of precursors and sur-
factant (CTAB) in an aqueous solution for low-tem-
perature hydrothermal synthesis allow for the forma-
tion of elongated ZnO nanocrystals on the substrate
surface. These nanocrystals have a diameter of only
10—20 nm, which can ensure a high gas-analytical
response. However, nanorods with a diameter of more
than 1 wm are also observed on the surface of the sam-
ple, which were formed in the volume of the solution,
and then fixed on the surface of the sample. It should
be noted that, as a rule, the ZnO nanorods formed in
solution form agglomerates, while in this experiment
the nanorods are formed in solution mainly in the
form of separate rods, which confirms the literature
data on the possible function of CTAB as an inhibitor
of agglomeration. As can be seen from the SEM
image, the formation of agglomerates in the form of
spherical hierarchical structures from ZnO nanorods
is statistically possible and may be associated with the
micelle-forming function of CTAB in some areas of
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Fig. 1. SEM image of a typical sensor layer of zinc oxide
nanorods obtained by sequential ultrasonic spray pyrolysis
and hydrothermal method for 1 h.

the solution. Large ZnO nanorods formed in solution
can perform a shunting role to the resistance of the
coating of ZnO nanorods, especially when using a dis-
tance between the electrodes comparable to their
length, and dramatically reduce the gas sensitivity of
the sample. Therefore, it is advisable to carry out the
synthesis in such a way that the seed layer on the sur-
face of the substrate is directed downward in order to
reduce the number of dropped nanorods on the sur-
face of the sensor coating, as well as to conduct ultra-
sonic processing of samples for mechanical cleaning
from large nanorods.

The results of X-ray photoelectron spectroscopy of
the surface of the ZnO nanorods are shown in Fig. 2.
The most intense peaks of the core levels of Zn2p
(doublet) and Ols are observed on the survey XPS
spectrum (Fig. 2a). There were also less intense peaks
of photoemission from the core levels of zinc Zn2s,
Zn3s, Zn3p, Zn3d and Auger electrons O KLL and
ZnLLMM. The spectrum shows a core level of residual
carbon Cls in addition to the peaks of the core levels
of the main elements such as oxygen and zinc, which
is associated with the adsorption of carbon-containing
compounds from the air atmosphere and, probably,
incomplete desorption of carbon monoxide during the
annealing of the sample. A detailed decoding of the
survey spectrum was performed according to [34]. The
proportion of carbon on the sample surface according
to the XPS data was ~14.51% without additional treat-
ment of the sample surface and 8.49% after treatment
with an ion beam Ar* with an accelerating voltage of
500 V for 60 s. The ratio of zinc atoms to oxygen in the
near-surface region of the nanorods was 1.2:1 before
purification Ar* and 1.4:1 after purification. A decrease
of the surface concentration of oxygen-containing and
carbon-containing impurities as a result of beam treat-
ment Art was observed earlier in studies of nanomate-
rials based on ZnO [35]. Thus, it is obvious that the
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Fig. 2. XPS spectra of the surface of ZnO nanorods: (a) overview spectrum of the surface of ZnO; (b) spectrum of the core oxygen

level Ols.

near-surface region of the ZnO nanorods contains a
high concentration ofoxygen vacancies.

The main oxygen peak in the zinc oxide crystal lat-
tice (~530.9 eV) and a distinct second peak are
observed in the detailed spectrum of the O1s core oxy-
gen level (Fig. 2b), which, according to [36—39],
bound to oxygen in adsorbed OH groups (~532.5 eV)
on the surface of ZnO. Since the peak of the core car-
bon level is observed in the XPS spectrum, part of the
Ols spectrum should also be due to oxygen in
adsorbed compounds with carbon (~533.5 eV).
Deconvolution of the Ols spectrum was carried out
according to [36, 37].

We assume that the high concentration of oxygen
vacancies and the predominance of zinc atoms in the
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Fig. 3. Optical density of seed layers obtained by ultrasonic
spray pyrolysis with varying application duration.

near-surface layer of ZnO contribute to the adsorption
of OH groups. In turn, the resulting ratio of zinc and
oxygen atoms is largely due to the annealing process of
the samples at 500°C after synthesis. An increase of
the concentration of OH groups on the surface of ZnO
nanoparticles, according to the literature, leads to an
increase of the efficiency of ZnO photocatalysis, and,
accordingly, should contribute to an increase of the
gas-analytical response [40].

The value of the thickness of the thicker film ZnO,
which was determined using ellipsometry, was 130 nm.
The optical density values (Fig. 3) at a wavelength of
350 nm (which corresponds to an energy less than the
band gap width for zinc oxide films E, = 3.3 eV) were
compared with the value of the optical density of a
thick film of known thickness to determine the effec-
tive thickness of the remaining zinc oxide layers
obtained by ultrasonic spray pyrolysis with a short
duration of aerosol spraying.

The results of the study of the topology of samples
of seed layers by atomic force microscopy are shown in
Fig. 4. As can be seen from AFM images, the seed lay-
ers of ZnO with an effective thickness of 13.3 and
19.9 nm (Figs. 4b, 4c) are ZnO crystallites with char-
acteristic dimensions of 30—50 nm and distinct crys-
tallite boundaries. An increase of the duration of
application of the seed layer and, accordingly, the
thickness in this range leads to a slight increase of crys-
tallites without a significant change in morphology.

A significant increase of the duration of application
(Fig. 4a) leads to the proliferation of crystallites, the
continuity of the film is observed. The topology of the
sample with an effective thickness of 2.6 nm (Fig. 4d)
is a coating with a slight relief, the initial stages of the
formation of individual crystallites of the film are
observed. The results of measuring the resistance of
the seed layer with /.4 = 2.6 nm, measured using the
upper contact based on a liquid probe, confirm the
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Fig. 4. AFM images of zinc oxide layers obtained by ultrasonic spray pyrolysis with varying application duration, of different
thickness: (a)—thickness of the layer of zinc oxide 4 = 130 nm; (b)—effective thickness /.= 19.9; (c)— 13.3; (d)— 2.6 nm.

discontinuity of the seed layer, since the resistance
practically coincides with the resistance of the lower
ITO electrode (Fig. 5).

An increase of the thickness of the seed layers to the
values of /.= 13.3 and =19.9 nm leads to an increase
of resistance. However, the increase of resistance is
insignificant, while a further increase of the film
thickness by 6—10 times to 130 nm leads to an increase
of resistance by almost two orders of magnitude. It can
be assumed that the current flow in thin films with
her = 13.3 and =19.9 nm is mainly attributable to grain
boundaries, while a more significant increase of resis-
tance in a thick film confirms its continuity.

The high gas sensitivity of adsorption gas sensors is
ensured by a high concentration of adsorption centers
on the surface of the semiconductor, the characteristic
size of the structural element (particle) comparable to
the Debye screening length (several nanometers), and
a high specific surface area. It is shown from the results
of SEM and XPS that the ZnO nanorods obtained in
the work have a small diameter, and their surface con-
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Fig. 6. Normalized change of the resistance of sensor
nanostructured coatings made of ZnO nanorods formed
on seed layers with an effective thickness of 13.3 and 2.6
nm obtained by ultrasonic spray pyrolysis (for 5 and 1 min,
respectively) under cyclic exposure to isopropyl alcohol
vapors with a concentration of 1000 ppm. The substrate
temperature was about 150°C. Offset voltage—5 V.

tains a high concentration of vacancies that serve as
adsorption centers. A high specific area of the material
is necessary to ensure rapid and efficient diffusion and
adsorption of oxygen and then the target gas through-
out the entire volume of the material to prevent the flow
of current in the material that does not interact with the
atmosphere and the target gases-analytes. Therefore,
layers with a thickness of ~13.3 and ~2.6 nm were used
as seed layers of ZnO to form a sensor coating from
nanorods and study their gas sensitivity. The heating
temperature of the sensor platforms was chosen to be
150°C, as the minimum operating temperature of
modern adsorption resistive gas sensors.

Figure 6 shows the response of sensor coatings
made of nanorods using seed layers with an effective
thickness of ~13.3 and ~2.6 nm obtained during the
spray pyrolysis process of 5 and 1 min, respectively, to
isopropyl alcohol vapors. Reducing the duration of
application of the seed leads to an increase of the sen-
sory response to isopropyl alcohol vapor.

The response of the sensor coating (R,;,/R,,) to
isopropyl alcohol vapors with a concentration of
1000 ppm increased from ~6 to ~15 with a decrease of
the effective thickness of the seed layer from ~13.3 to
~2.6 nm or the duration of application from 5 to 1 min,
while an increase of the response is observed over the
entire range of isopropyl alcohol concentrations used
in measurements (Fig. 7). It should be expected that
the resulting sensor coating of ZnO nanorods will have
a sufficient response for practical use with a further
decrease of the concentrations of analyte gases to the
values of ppm units.
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Fig. 7. Concentration dependences of the responses of gas-
sensitive nanostructured coatings of zinc oxide nanorods
formed on seed layers obtained by ultrasonic spray pyroly-
sis for 5 and 1 min (with an effective thickness of 13.3 and
2.6 nm, respectively).

The surface of the ceramic substrate with counter-
pin electrodes is protruding grains (Fig. 8), which
determine the morphology of the coating in the form
of arrays of ZnO nanorods in contact with each other
(Figs. 1, 8b). The results of the gas sensitivity study
show that an increase of the thickness of the seed layer
leads to a decrease of the gas analytical response. This
indicates the flow of current not only through the
nanorods, where the resistance is modulated by
adsorption, but also the seed layer, access to which the
adsorbed gas molecules are limited.

Thus, the current flowing in the sensor coating on
a ceramic substrate can be divided into current
through the nanorods (/,) and current (/,) through the
seed layer (Fig. 8b). Current measurements through
the seed layer using an upper liquid probe indicate the

(b)

ZnO NRs

Crystallites Seed layer

£

Fig. 8. (a) SEM image of the surface of the ceramic sub-
strate; (b) schematic representation of the ZnO nanorods
on the grains of the ceramic substrate and possible paths of
current flow through larger nanorods formed in the vol-
ume of the solution.
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discontinuous nature of the ZnO seed layer at an
effective thickness of 2.6 nm. The use of crystallites of
the seed layer separated from each other limits the
influence of the component /, on the gas-analytical
response. As shown in Fig. 8b, the current can also
flow through nanorods of the second type formed in
the volume of the solution, the depleted area of which
is insignificant when oxygen ions are adsorbed com-
pared to the diameter of the rods. Nevertheless, these
nanorods bypass only the areas between the nanorods
coating sites, without affecting the overall nature of
the gas-analytical response. This is confirmed by mea-
surements of the gas sensitivity of coatings.

CONCLUSIONS

The low-temperature synthesis technique pre-
sented in this paper provides the production of zinc
oxide nanorods with a small diameter to achieve a high
gas-analytical response. The obtained ZnO nanorods
with subsequent annealing in an air atmosphere at a
temperature of 500°C demonstrate a high concentra-
tion of oxygen vacancies in the near-surface region of
the nanorods and a high concentration of adsorbed
hydroxyl groups.

It is shown that the reduction of the duration of
application of ZnO seed layer by ultrasonic spray
pyrolysis to obtain local centers of subsequent growth
of nanorods results in an increase of the gas-analytical
response of the sensor coating, while the nanorods
formed in the volume of the solution do not affect the
response. The use of a ceramic substrate with protrud-
ing grains provides additional current flow paths due
to intersections between the ZnO nanorods.

An additional method is proposed for controlling
the seed layers by resistance using a liquid probe based
on indium-gallium melt without the need to apply
upper contacts.

The short formation time of seed centers by the
method of ultrasonic spray pyrolysis, which does not
require vacuum, and the simplicity of the equipment of
the low-temperature hydrothermal method ensure the
suitability of the presented technique for the formation
of nanostructured coatings from ZnO nanorods for
scaling and mass production of sensor coatings.
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