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Abstract

Efficient ammonia gas sensor devices were fabricated based on nickel oxide (NiO) nanostructures films. Two chemical syn-
thesis approaches were used: chemical spray pyrolysis (CSP) and chemical bath deposition (CBD), aiming at obtaining highly
developed surface area and high chemical reactivity of NiO. Crystal structure, morphology, and composition of NiO films
and nanostructures were investigated by scanning electron microscopy, X-ray diffraction, and X-ray photoelectron spectros-
copy. CSP method results in the synthesis of NiO films with pure cubic crystalline structure of preferred orientation along
(111) direction. The type of the precursors used (nickel acetate, nickel chloride and nickel nitrate) affects the morphology
and crystallites average size of the deposited films. CBD method consisted of two stages: (i) deposition of nickel hydroxide
phase and (ii) thermal annealing of nickel hydroxide at 450 °C in air for 4 h. Resulted structures were nanoflakes, vertically
arranged in a “wall-like” morphology. Fabricated structures were found to be sensitive to ammonia differently, depending on
the synthesis approach and material morphology. NiO films deposited by CBD demonstrated a stable response to ammonia
with maximum magnitude at the operating temperature of 300 °C. The highest average response for the CBD-NiO sample
was 114.3-141.3% for 25 and 150 ppm NH,, respectively, whereas the response range observed for the film processed by
spray pyrolysis using nickel chloride was 31.7-142.5% for 25 and 150 ppm NHj, respectively.

1 Introduction

Growing needs in gas sensors applications in agricultural
processes, industrial emission control, environmental
monitoring and disease diagnostic [1, 2] have motivated a
constant search for new ambience sensitive materials. This
can be satisfied either via synthesis of novel chemically
active materials or enhancement of materials sensitivity by
decreasing their dimensions, or both [3]. Metal oxide semi-
conductors are considered appropriate gas sensing materials
due to the sensitivity of their stoichiometry to the ambi-
ence gas composition, resulting in a stable and reproducible
change of their electronic properties upon the change of the
gas concentrations near the surface of the materials [4-7].
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Nickel oxide (NiO) is a prospective p-type metal oxide sem-
iconductor with such sensing-desirable properties as high
melting point (1960 °C), high chemical stability and wide
direct energy gap (3.6—4.0 eV) [8]. The electrical conductiv-
ity of NiO films can be varied by the change of Ni vacancies
and/or interstitial oxygen in the NiO structure [9, 10]. The
change of NiO features is due to their nonstoichiometric
effect that makes the films suitable for many applications
like solar cells [11, 12], electrochromic applications [13-16],
optoelectronic applications based on p-n junctions such as
UV detectors and LEDs [17, 18]. Earlier, it was reported
that NiO thin films can sense reducing gases such as NH;,
CH,, and H, [19-21] as well as oxidizing gases like NO,
[22]. Particularly, detection of ammonia is essential for such
industries as agriculture, food and beverages or fertilizer
production. The main artificial ammonia sources in the air
come from intensive livestock with the decomposition pro-
cess of manure, as well as the production of fertilizers and
refrigeration systems by the chemical industry. The toxicity
threshold limit value (TLV) for NH; gas is 25 ppm [23],
which makes the detection of ammonia in the atmosphere
very important due to the hazard implications on the envi-
ronment [24].
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NiO has been synthesized as films and nanostructures by
various physical and chemical deposition techniques, such
as sputtering [25], electron beam evaporation [15], sol-gel
[26], pulsed laser deposition [27], chemical bath deposi-
tion [28] and chemical spray pyrolysis [29]. Among others,
chemical spray pyrolysis (CSP) and chemical bath deposi-
tion (CBD) are most economically viable techniques, allow-
ing fabrication of homogeneous oxide material on large-area
substrates at a relatively low deposition temperature [28].
Nevertheless, obtaining a proper NiO material with nec-
essary characteristics for advanced gas sensing is still an
issue: while dense films deposited on solid substrates are
robust and convenient for contacting, their surface area is
rather limited, thus decreasing the sensitivity. On the other
hand, dispersed NiO nanostructures have high surface area
and thus high sensitivity but are difficult to be contacted
for practical use. Therefore, controlled fabrication of NiO
nanostructures with high surface area on desired substrates
is presently a challenge.

In this work, we have compared CSP and CBD tech-
niques for growth of NiO material on glass substrates, vary-
ing the material morphology and surface area and aiming
at advanced ammonia sensing properties. Crystal structure,
morphology, and composition of NiO were characterized
by XRD, SEM, and XPS, respectively. It was observed, that
CSP results in NiO thin films, sensitive to ammonia, with
high response. While CBD, conducted in two stages—via
deposition of nickel hydroxide phase and its thermal anneal-
ing—resulted in a vertically arranged “wall-like” morphol-
ogy, consisting of nanoflakes structure. The CBD fabricated
structure was found to be extremely sensitive to the lowest
amount of ammonia tested (25 ppm), providing 114.3% of
the sensor response.

2 Experimental details
2.1 Samples fabrication

Nickel oxide films were synthesized by chemical spray
pyrolysis approach (CSP) using 0.2 M aqueous solution of
nickel precursors; nickel acetate, nickel chloride and nickel
nitrate. Before deposition process, the glass substrate was
cleaned chemically and ultrasonically using acetone in an
ultrasonic bath for 20 min, deionized water and alcohol; suc-
cessively. In order to obtain highly controlled and uniform
films, the starting solution was sprayed to very fine droplets
using automatic Spray Gun HM-3 atomizer onto the heated
glass substrate at 450 °C. The deposition time, the pressure
of the compressed air and the distance between the noz-
zle and the substrate were kept constant for all NiO films
deposited using different precursor at 10 min, 1.5 bar and

30 cm, respectively. A detailed description of chemical spray
pyrolysis method can be found elsewhere [29].

Nickel chloride was used as a precursor for the deposi-
tion of NiO nanostructure on glass substrates using chemical
bath deposition method (CBD). The substrates were care-
fully cleaned as in the previous technique. The optimum
temperature during the deposition process was 50 +2 °C
and the pH value was 12. The as-deposited film was nickel
hydroxide which transformed to nickel oxide with annealing
in air at 450 °C for 4 h. A detailed description of the CBD
method and the reaction mechanism for deposition of NiO
nanostructures can be found elsewhere [28].

2.2 Material characterization

The crystallographic structure of nickel oxide and nickel
hydroxide films was examined by X-ray diffraction (XRD)
measurements with a Panalytical X Pert diffractometer using
(Cu Ko radiation at 45 kV and 40 mA). Scanning electron
microscopy (SEM) was performed to study surface mor-
phology of deposited films before gas measurements as well
as after introducing ammonia gas using Leo 1550 Gemini
microscope at an operating voltage of 10 kV. Dektak 150
Stylus profilometer was used to measure the thickness of
deposited films. The chemical composition of the films was
analyzed by X-ray photoelectron spectroscopy (XPS) using
Axis Ultra DLD instrument from Kratos Analytical, (Man-
chester, UK) to study the change of chemical composition as
well as bonding states of NiO films after gas sensing meas-
urements. XPS core level spectra of Ni 2p, C 1s, and O 1s
regions were acquired after sputter cleaning for 600 s with a
500 eV Ar* beam incident at 70° angle from surface normal.
Binding energy referencing was performed according to the
procedure described by Greczynski et al. [30].

2.3 Sensors fabrication

Sensor devices have been fabricated on glass substrates with
two squared electrodes on top of the NiO films through evap-
orating titanium (2 nm) and gold (200 nm) sequentially. The
electrodes are 2 mm wide with a 1 mm gap in between. To
enable a controlled temperature loop, each sensor chip is
glued using Aremco Ceramabond 571 on top of a ceramic
heater substrate (Heraues GmbH, Germany) with an addi-
tional Pt-100 temperature sensor (Hereaus GmbH, Ger-
many). This device was mounted on top of a TO8-socket and
connected to its pins using gold-wire bonding and silver glue
(Epotek E3081). This setup limits the temperature that can
be used within stable conditions to 300 °C. The final sensor
is inserted into a flow cell which is attached to a gas mixing
system. A brief description of this system can be found else-
where [31]. The dry background mixture of N, and O, with a
ratio of 80:20 ml/min and a constant flow rate of 100 ml/min
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was used both as a carrier gas and purging gas. The nitrogen
concentration was then adjusted when introducing ammonia
to the gas flow. Each test gas exposure lasted for 15 min with
a 45-min background gas exposure for recovery and was
repeated twice before a new concentration was introduced.

3 Results and discussion
3.1 Surface morphology

SEM images of NiO films and nanostructures obtained by
both CSP and CBD methods are presented in Fig. 1a, c, e,
g. Furthermore, we have studied the structure of NiO films
also after the ammonia sensing measurements (Fig. 1b,

Fig.1 SEM micrographs of
CSP-NiO films using different
precursors; a chloride, ¢ acetate,
e nitrate and g CBD-NiO nano-
flakes before gas sensing and b,
d, f, h after gas sensing meas-
urements of the corresponding
films. The scale in the image a
is valid for all images
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d, f, h). The surface of CSP-NiO film based on nickel
acetate has an anomalous shape and the surface of film
based on nickel chloride has a holes, which increase the
surface roughness of the films. It is also seen that the sur-
face morphology of CSP-NiO using nickel acetate has
changed after ammonia exposure which has an effect on
the stability of the sensor response as well (will be shown
later). In contrast, the sprayed CSP-NiO using nickel
nitrate presents a smooth grainy surface and no signifi-
cant change in the surface morphology can be seen after
gas measurements.

The CBD-NiO film exhibits a different morphology:
nanoflakes—of NiO are vertically arranged into a “wall-
like” microstructure (Fig. 1g). We attribute such specific
structure of nanoflakes to the type of the precursor used, as

TR X
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well as the post-deposition annealing. Apparently, the nano-
flakes are crystallized from nickel hydroxide matrix during
annealing phase. It has to be noticed, that the nanostruc-
tures were not affected by ammonia sensing response, unlike
the CSP NiO films (see above), and are structurally stable
and robust after repetitive sensing measurements at 300 °C
(Fig. 1h). The nanoflakes structure contributes significantly
to the active surface area and therefore was expected to have
a superior sensing performance.

3.2 Structural properties

Figure 2 shows the 826 scans of the NiO films and nanostruc-
ture deposited by CSP and CBD techniques. It can be clearly
seen that the broad peak located at 20 =24 is assigned to the
amorphous glass substrate. The sprayed NiO using nickel chlo-
ride and nickel nitrate exhibit high peak intensities, while the
NiO film prepared using nickel acetate has lower intensities.
Furthermore, peak position and phase identification analy-
sis show that all diffraction peaks belong to NiO with cubic
structure (pdf no. 047 1049) with a predominant 111-preferred

—NiO- CSP- acetate
—NiO- CSP- chloride

NiO- CSP- nitrate
—Ni(OH),- CBD- as deposited

NiO- CBD-after annealing

Intenisity (a.u)

20 30 40 50 60 70
2 theta (degree)

Fig.2 X-ray diffraction 6-26 scan of CSP-NiO using different pre-
cursor and CBD-NiO films (both as-deposited nickel hydroxide and
NiO after annealing at 450 °C for 4 h)

orientation [29]. Otherwise, the diffraction patterns of the as-
deposited film by CBD is corresponding to nickel hydroxide
Ni(OH)2 phase (pdf no: 74-2075) with high peak intensity at
20 position 19.2° which indexed as (001) plane. The annealed
film at 450 °C in air for 4 h shows that all diffraction peaks
correspond to cubic NiO (pdf no. 047 1049). The diffraction
peaks of NiO films prepared by CSP and CBD methods have
been labeled with the corresponding Miller indices. In addi-
tion, the d spacing and lattice constant were calculated from
the peak position. The crystallite size of deposited films was
calculated using the Debye Scherrer formula for the (111) dif-
fraction peaks. The CSP-NiO using nickel chloride has the
largest crystallite size, whereas the CSP-NiO using nickel
acetate has the smallest crystallite size. These results can be
found in Table 1.

3.3 Gas sensing properties

The working temperature is one of the main parameters that
determine the response of a gas sensor, since it controls the
processes of adsorption and desorption of the different gas
species existing in the surrounding atmosphere on the sur-
face [4]. First, we have studied the temperature dependence of
CSP-NiO films sensitivity to 150 ppm ammonia concentration
at different operating temperatures (Fig. 3a). With an increase
of the operating temperature, the response increases from 6.6%
at 100 °C until it reaches its maximum of 99.7% at 300 °C. The
temperature 300 °C was then used as the operating point for all
further measurements with different ammonia concentrations.

Figure 3b shows the dynamic resistance of a sensor for
different ammonia concentrations (25, 50, 100 and 150 ppm)
at 300 °C operating temperature. It can be clearly seen that
the resistance of the NiO increases for all four sensors when
ammonia gas is introduced into the measurement system. This
is due to the interaction of ammonia with adsorbed oxygen on
the surface of the NiO films, resulting in the production of H,O
vapor and free electrons. The free electrons recombine with
holes, which are the majority charge carriers in NiO. There-
fore, the reduction in the number of holes results in an increase
of resistance.

Table 1 Structural

. Method NiO precursors Thickness 2 theta dary Lattice constant Crystal-
parameters of NiO films and t (nm) a (nm) lite size
nanostructures, prepared by D,
CSP and CBD methods (nm)

Chemical Nickel acetate 275 37.141 2419 0.419 10
spray pyroly-  Nickel chloride 300 37.197 2.415 0.418 57
SIS (CSP) Nickel nitrate 270 37213 2414 0418 25

Chemical bath  Nickel chloride 340 37.198 2.415 0.418 20
deposition
(CBD)
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Fig.3 a Sensor response at different operating temperatures for 150 ppm NH;, b raw sensor signal for 25, 50, 100 and 150 ppm of NH; at
300 °C for the different processed materials and ¢ relative sensor response comparison for the different materials towards NH;

The reaction summary for ammonia gas in this study is
listed below [24]:

0O,(gas) = O,(ads) ()
O,(ads) + 2~ < 20~ )
2NH, + 307 (ads) — N, + 3H,0 + 3e” 3)

In addition, the sensing response of NiO depends on dif-
ferent factors such as surface morphology, crystallite size,
surface states and adsorption efficiency of target gas mol-
ecules on the surface as well as the reaction with adsorbed
oxygen or lattice oxygen [24].

The relative response, S, is defined as the ratio of the
sensor baseline resistance in background gas and the highest
sensor resistance recorded after introducing the target gas
and is calculated according to Eq. (4) [32]:

R as Rback sround
S =2 O % 100%
Rbackground

C)

The calculated response values are reported in Fig. 3¢
as a function of ammonia concentration. It can be clearly
seen that the response significantly depends on the prepara-
tion conditions which affect the surface morphology, the
degree of crystallinity as well as the chemical composition

@ Springer

of the NiO films. The best dynamic response is obtained for
CSP-NiO using nickel chloride with a response of 31.7%
for 25 ppm to 142.5% for 150 ppm, respectively. This behav-
ior could be attributed to the high surface roughness, which
increases the active surface area resulting in an increase
of the adsorption sites available for gas interaction. The
response of CSP-NiO sensor using nickel nitrate has dem-
onstrated a medium dynamic response of 32% for 25 ppm to
54% for 150 ppm, respectively. This decrease in sensitivity
might be explained by the lower surface roughness, thus
decreasing possible adsorption sites. Although the CSP-NiO
sensor prepared using nickel acetate has irregular rings
which increase the surface roughness, it exhibits the lowest
response for all concentrations with a change in resistance
of 5.6% for 25 ppm and 13% for 150 ppm, respectively. This
could be explained by this film having the lowest crystallite
size and a very unstable surface.

The highest average response was found for the nano-
structures of NiO deposited by CBD: with 114.3-141.3%
for 25 and 150 ppm of NHj3, respectively, and can be directly
linked to the large surface area of the nanostructures. The
ammonia sensitivity of our nanostructures for this concentra-
tion range is roughly 20 times higher than that of a recently
reported ammonia sensor based on NiO films [33]. In addi-
tion, the CBD-NiO sensor has an average t90 time constants
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Fig.5 Ammonia sensitivity mechanism for the case of CBD-NiO
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300 °C oxygen molecules are adsorbed on the NiO surface (see for-
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of 650 s which make it faster than the CSP-NiO using nickel
chloride which has an average of 740 s.

Besides the plain response over concentration measure-
ments, also the response over several measurement cycles
was tested to see if the sensors show a stable and reproduc-
ible response.

Figure 4 shows the dynamic sensing performance of two
selected sensors both prepared using nickel chloride over
several sensing cycles. The CSP-NiO sensor exhibits a high
dynamic response with increasing ammonia concentration
in the same sensing cycle but, overall sensor performance
decreases over several sensing cycles.

On the contrary, the response performance of the sensor
based on CBD-NiO nanostructures increases for the first
four sensing cycles until it reaches its maximum and then
levels out all responses, even for different concentrations to
the same level. Interestingly, the sensor maintains a repeat-
able and high response (over 110%) for minimal ammonia
concentration (25 ppm), while negligible or no difference
in signal is observed with further ammonia concentration
increase. Such a behavior can be useful in specific appli-
cations, for the “caution” detection of ammonia, provid-
ing a warning to the customers. We explain this behavior
as following: the gas sensor performance is affected by the
chemical composition and chemisorbed oxygen species on
the sensing surface [34]. Additionally, the relative amount
of nickel vacancy in the nickel oxide is also responsible
for signal providing [34]. Nanostructures of NiO, depos-
ited by CBD, are in fact tiny single crystals and are of high
structural quality. Due to their structure and exposure of the
major part of the material to the ambience, the process of
electron trapping is rather fast and saturates already at the
lowest ammonia concentration, providing a high and sta-
ble signal, while further increase of ammonia content does

\eo

() T =300 °C
O s

(")

()

electrons and thus increasing hole conductivity; ¢ ammonia mol-
ecules are adsorbed on the NiO surface and dissociated into nitro-
gen and hydrogen ions, later associating into nitrogen gas and water,
simultaneously providing electrons back and decreasing the conduc-
tivity of NiO
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Fig.6 Ni 2p;, XPS core level spectra obtained from NiO thin films
and nanostructures, prepared by CSP (a, b) and CBD (c, d)

not lead to any further reaction. We present a schematic,
describing ammonia sensing mechanism, particularly for the
case of CBD-NiO nanostructures (Fig. 5).

We have performed XPS measurements to study the effect
of chemical composition and bonding states contribution of
NiO films and nanostructure on the sensing performance.
Figure 6a—d shows the Ni 2p;, core level spectra of the
sprayed NiO films using nickel chloride. The proposed
deconvolution includes three peaks, the main peak can be
assigned to Ni** with the binding energy of 853.4 eV and
the shoulder peaks attributed to Ni’, and Ni** with binding
energies of 852 and 855.1 eV, respectively. The bonding
state Ni*>* can be created by negatively charged oxygen on
the surface of NiO and/or by negatively charged interstitial
oxygen [34]. The Ni 2p;,, spectra obtained from the NiO
films after sensing measurements show a decrease in the
Ni® component and an increase in the amount of Ni** due
to oxidation, which leads to supplement of the conductivity
of NiO films due to the increase of the hole creation [29].
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The created holes decrease the resistance of the sensor after
each sensing cycle which fits the observed degradation of
sensor response in Fig 4a.

The deconvolution of Ni 2p;,, core level spectra for
CBD-NiO films using nickel chloride (see Fig. 6c, d).
The deconvoluted peaks have binding energies of 852.2,
853.4 and 855.2 eV, corresponding to Ni°, Ni?*, and Ni**,
respectively. Compared to the sprayed NiO films, the Ni**
component is larger, while the Ni° component is smaller.
The steady response of the CBD-NiO sensor for different
ammonia concentrations after the fourth cycle may be attrib-
uted to the complete disappearance of Ni° peaks and a small
increase in the Ni** peak. Moreover, the sensitivity might
decrease as a result of the slightly reduced specific area due
to temperature effects [35].

4 Conclusion

Ammonia gas sensors based on NiO were successfully fab-
ricated using NiO films and nanostructures prepared by
spray pyrolysis and chemical bath deposition. Sprayed NiO
films using nickel chloride and nickel acetate exhibit une-
ven surfaces which increased roughness of deposited films
while the films prepared using nickel nitrate have a smooth
surface. Chemical bath deposition approach carried out in
two steps—yvia deposition of nickel hydroxide phase and its
thermal annealing—resulted in a vertically arranged “wall-
like” morphology, consisting of nanoflakes structure, which
increases the surface area as well as enhances the gas sensor
response. The XRD studies show all CSP-NiO films using
nickel acetate, nickel chloride and nickel nitrate have a cubic
poly-crystalline structure with a preferred orientation along
(111) direction. While the as-deposited films using chemi-
cal bath deposition are nickel hydroxide phase which trans-
formed to poly-crystalline NiO phase by an annealing pro-
cess. The different NiO materials show distinct differences in
their sensor response, depending on the surface morphology
and chemical composition. The XPS results confirm that
the changes in the sensor behaior depends on the chemical
composition of NiO films consequantly the Ni/O ratio of
different precursors. The highest average response was found
for the CBD-NiO film, which also has the highest surface
area due to its nanoflakes structure, whereas the highest
dynamic range belonged to the CSP-NiO using nickel chlo-
ride. Besides the very good response and dynamic range, the
main drawback is the stability with a decrease in response
for the CSP sensors based on nickel chloride. The CBD-NiO
nanostructure was found to be extremely sensitive to the
lowest amount of ammonia tested, with a repeatable high
signal intensity providing 114.3% of the sensor response,
while negligible or no difference in signal is observed with
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further ammonia concentration increase. This behavior can
be useful for the “caution” detection of ammonia, providing
warning signals to the customers.
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