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Abstract: NiO-sensitive materials have been synthesized via the hydrothermal synthesis route and
calcined in air at 400 ◦C and, alternatively, at 500 ◦C. Structural, morphological, and spectroscopic
investigations were involved. As such, the XRD patterns showed a higher crystallinity degree for
the NiO calcined at 500 ◦C. Such an aspect is in line with the XPS data indicating a lower surface
hydroxylation relative to NiO calcined at 400 ◦C. An HRTEM microstructural investigation revealed
that the two samples differ essentially at the morphological level, having different sizes of the
crystalline nanoparticles, different density of the surface defects, and preferential faceting according
to the main crystallographic planes. In order to identify their specific gas-sensing mechanism towards
CO exposure under the in-field atmosphere, the simultaneous evaluation of the electrical resistance
and contact potential difference was carried out. The results allowed the decoupling of the water
physisorption from the chemisorption of the ambient oxygen species. Thus, the specific CO interaction
mechanism induced by the calcination temperature of NiO has been highlighted.

Keywords: calcination temperature; sensing mechanism towards carbon monoxide; in-field atmosphere

1. Introduction

Carbon monoxide (CO) is a harmful gas to humans, and it is colorless, odorless, and
insoluble in water [1]. CO is produced from the incomplete combustion processes of
methane (CH4) and is prevalent in the waste gas emissions from industrial power plants [2].
On the other hand, this type of gas undergoes simple surface reactions, with most of the
semiconducting metal oxides (MOX) being used for modeling of sensing and transduction
phenomena [3].

Due to their moderate sensitivities towards different test gases, high chemical stability,
and low fabrication costs, p-type MOX materials have been considered among the most
promising materials for the further development of gas sensors [4,5]. Even though their gas-
sensing mechanism is still controversial, there are plenty of reports revealing their peculiar
gas-sensing performances [6–8]. Nickel oxide (NiO) has a wide band gap (Eg = 3.6–4.0 eV)
and is a highly studied p-type MOX material for gas-sensing due to the small influence of
humidity changes and good oxygen surface interaction [9]. Moreover, in NiO, the electrical
transport properties are given by the Ni vacancies, leading to its p-type behavior [10]. As
in the case of n-type MOX-based gas sensors [11,12] the changes in the electrical conduc-
tivity due to the surface adsorption/desorption of chemical species is the basic working
mechanism. In the case of p-type NiO materials, the adsorbed surface oxygen ions remove
electrons from the valence band, leading to the holes-accumulation layer near the surface.
Upon surface interaction between reducing gases and oxygen species, electrons are released
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back to the valence band, reducing the hole concentration at the surface and thus increasing
the electrical resistance of the material [13]. The catalytic and gas-sensing activities of the
binary oxides are also highly influenced by morphological aspects, such as the size of the
particles and the crystal grain faceting, not only with respect to the target gas but also to
the atmospheric water, which may significantly influence the sensing mechanism. In terms
of the function of the synthesis route, crystal grains with various shapes and sizes can be
grown, showing preferential faceting according to {111}, {100}, {110}, or other higher Miller
indices [14–18]. Studies referring to the dissociative adsorption of H2O onto NiO{111}
and NiO{100} surfaces have evidenced a higher hydroxylation of the NiO{111} surfaces in
comparison with NiO{100} surfaces [19–21].

Recently, different NiO nanostructures (nanoparticles, nanoplates, nanotubes, nanowires,
or other complicated hierarchical microspheres) have been reported and their sensing
properties were thoroughly investigated in order to boost their gas sensitivity [22]. Hussain
et al. synthesized NiO microparticles via laser ablation, aiming to detect CO and CO2
gases. They showed that the sensitivity strongly depends on the laser fluences, but without
taking into account the interfering role of humidity [23]. In the work of Drozdowska et al.,
they implemented a combination of electrical resistance and in situ FTIR spectroscopy
techniques in order to depict the sensing mechanism towards NO2 in the presence of
40% RH. Additionally, they found that, by illumination with 275 nm, an accelerated and
enhanced sensor response was achieved [24]. Kampara et al. studied the gas-sensing
performances of PVA/NiO nanofibers synthesized via the electrospinning method towards
formaldehyde when operated at 350 ◦C. Although the authors underline good responses
and fast transients, ready for developing further devices for the diagnosis of pulmonary
diseases, the effect of humidity was not considered [25]. Lekshmi et al. carried out gas-
sensing investigations on NiO nanocrystals towards acetone gas. The obtained transients
were: 26 s (response time) and 54 s (recovery time). The sensor signal towards 500 ppm of
acetone reached the value of 128 without considering the role of moisture [26].

To the best of our knowledge, our previous work [27] was the only one addressing a
sensing mechanism towards CO exposure under variable RH levels.

In this work, NiO nanomaterials were synthesized via the hydrothermal chemical
route with an organic directing structural agent and were calcined at 400 ◦C and 500 ◦C.
It is well known that the calcination temperature strongly influences the grain size and
shape, as well as the surface-to-volume ratio, all of these with important consequences
regarding the gas-sensing performance. The higher the calcination temperature is, the
lower the specific surface area is due to the increase in the crystallite size. It is necessary to
tune the surface area together with the crystallization degree via an optimized calcination
temperature in order to boost the specific sensitivities of the investigated materials.

Accordingly, the paper aims to highlight the influence of the calcination temperature
on the morphological properties that determine the specific CO-gas-sensing mechanisms.

2. Materials and Methods
2.1. Powder Synthesis and Layer Deposition

The NiO samples investigated in the present study were obtained following a syn-
thesis protocol described in our previous report [27]. Briefly, the preparation method
involves a hydrothermal synthesis route. In this procedure, we used Ni(NO3)2 hydrated
as inorganic precursor dissolved in aqueous medium. Ethylene glycol (EG) and ethylene-
diaminetetraacetic acid (EDTA) were added as template and as a complexing agent. The
hydrothermal treatment was performed at 180 ◦C for 24 h. The precipitate was filtered
and washed with water and ethanol and dried and calcined in air at 400 ◦C and 500 ◦C
for 8 h. The as-obtained powders calcined at 400 ◦C and 500 ◦C were mixed in a mortar
with propanediol at specific ratio in order to obtain a homogenous paste and further trans-
ferred via screen printing onto commercial alumina substrates provided with platinum
(Pt) electrodes on one side and Pt heater on the opposite side. The as-deposited sensitive
materials were subject to drying process for 24 h at 60 ◦C temperature and, subsequently,
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by a gradual heating ramp in the oven up to 400 ◦C for 1 h. The firing profile ensures a
good adherence of the sensitive materials to the substrates by a gradual removing of the
organic binder (propanediol).

According to their initial calcination temperatures, the sensors have been labelled:
NiO cal@400 ◦C and NiO cal@500 ◦C.

2.2. Materials Characterization
2.2.1. Structural Investigations

The X-ray diffraction (XRD) patterns were recorded with a Bruker D8 Advance X-
ray diffractometer with a Cu anode and Ni filter (λ = 0.154184 nm) in Bragg–Brentano
geometry. The XRD patterns were recorded in a wide 2θ range, up to 140◦, for a high
accuracy in the lattice parameters as obtained by Rietveld refinement (Topas v.3 software)
of the experimental data [28].

2.2.2. Morphological Investigations

Investigations regarding the structure and morphology of the as-prepared NiO pow-
ders have been carried out with a JEOL JEM-2100 transmission electron microscope. The
TEM samples have been prepared by powder crushing in a mortar, mixing with ethanol
in order to disperse the nanoparticles, and dripping the obtained suspension on Cu grids
provided with a lacey carbon membrane.

2.2.3. Surface Chemistry Investigations

In order to perform the surface chemistry investigations by using X-ray photoelectron
spectroscopy (XPS), a PHI Quantera device was used. The pressure within the analysis
chamber was set to 10−7 Pa. An Al Kα monochromatic X-ray source was used with the
energy set to 1486.6 eV. In order to set up the internal calibration energy, the C1s reference
was taken into account with the binding energy of 284.8 eV. It deserves to be noted that all
the spectra were acquired for the “as received” NiO samples.

2.2.4. Gas-Sensing Investigations and Experimental Chronology

Sensing tests were carried out in a Teflon-coated chamber capable to measure basic
electrical resistance changes (R) and contact potential differences (CPD) simultaneously.
The experimental workbench for these characterizations allows us to perform in-field-like
conditions measurements. Using certified gases from cylinders and further diluted with
humified air via mass flow controllers (Bronkhorst, Ruurlo, Netherlands), we could deliver
different CO concentrations over the NiO-based gas sensors with high accuracy within
the error range of 1% of the calibration curve. The total gas flow through the system was
kept constant at 200 sccm. The electrical changes of the sensors were collected by means of
Keithley 6517A electrometer and the CPD changes via McAllister KP6500 Kelvin probe [29].
The bias voltage applied was set to 3 V for all investigated sensors throughout the complete
measuring time-length. The sensors were heated by means of a power supply. The electrical
socket of the heating and the measuring circuit are Teflon-coated in order to avoid any
outgasing issues and guard from stray electric fields (Figure 1).
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Figure 1. Experimental electrical setup for simultaneous measurements of electrical resistance and 
contact potential differences. 

The Kelvin probe consists of a metallic tip being gas-inert and electrically isolated. A 
potential drop, the so-called contact potential: ∆VCPD = ∆Φ/q results between the NiO sen-
sor and Kelvin probe tip. Thus, the relative work function (ΔΦ) of the investigated mate-
rial can be calculated. 

3. Results 
3.1. XRD Results 

Figure 2 shows the XRD patterns of the NiO samples indexed as cubic NiO, space 
group Fm-3 m (S.G. no. 225), ICDD-01-071-1179. Narrower diffraction peaks are observed 
for the NiO sample calcined at 500 °C in relation to the peaks of the sample calcined at 400 
°C, associated with a higher crystallinity degree of the corresponding nanoparticles. The 
Rietveld analysis determined the average crystallite size d = 11 ± 2 nm for the NiO sample 
calcined at 400 °C, d = 19 ± 2 nm for the NiO sample calcined at 500 °C, and the same lattice 
parameter a = 0.4178 ± 0.0001 nm for both samples. 
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Figure 1. Experimental electrical setup for simultaneous measurements of electrical resistance and
contact potential differences.

The Kelvin probe consists of a metallic tip being gas-inert and electrically isolated. A
potential drop, the so-called contact potential: ∆VCPD = ∆Φ/q results between the NiO
sensor and Kelvin probe tip. Thus, the relative work function (∆Φ) of the investigated
material can be calculated.

3. Results
3.1. XRD Results

Figure 2 shows the XRD patterns of the NiO samples indexed as cubic NiO, space
group Fm-3 m (S.G. no. 225), ICDD-01-071-1179. Narrower diffraction peaks are observed
for the NiO sample calcined at 500 ◦C in relation to the peaks of the sample calcined at
400 ◦C, associated with a higher crystallinity degree of the corresponding nanoparticles.
The Rietveld analysis determined the average crystallite size d = 11 ± 2 nm for the NiO
sample calcined at 400 ◦C, d = 19 ± 2 nm for the NiO sample calcined at 500 ◦C, and the
same lattice parameter a = 0.4178 ± 0.0001 nm for both samples.
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Figure 2. XRD patterns of NiO as-prepared materials calcined at 400 ◦C and 500 ◦C.

3.2. Analytical TEM Results

The morphological and structural characteristics of the samples calcined at 400 ◦C and
500 ◦C have been evaluated by TEM investigations. In both cases, the obtained crystalline
phase is the same, namely the face-centered cubic structure of NiO. This is demonstrated
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by the SAED patterns inserted in Figure 3a,b, which have been indexed according to the
4329323 cif file (S.G. no. 225, a = 0.417861 nm). Noticeable differences can be observed,
though, from the morphological point of view. The average particle size increases from ca.
9 nm in the case of the 400 ◦C sample (Figure 3a) to ca. 20 nm for the sample calcined at
500 ◦C (Figure 3b). While the calcination at 400 ◦C produces small particles with a quasi-
spherical shape, at 500 ◦C, an increased number of nanoparticles show well-defined facets,
generating polyhedral nano-objects. The quasi-spherical aspect of the NiO nanoparticles
at 400 ◦C, as noticed at lower magnifications, is due to the limited 3D size of the NiO
nanoparticles in the absence of a pronounced growth anisotropy and their truncation
most likely according to the {111} family of planes, generating icosahedral and decahedral
nano-objects. The higher calcination temperature determines the coalescence of the small
particles and the growth of larger nanoparticles, with a better surface definition and a
preferential faceting, most likely according to the {100} or {111} families of planes. A
similar behavior of the nanocrystals’ shape in function of their size has been evidenced
experimentally by T. Ling et al. for fcc Fe nanoparticles [30], demonstrated by Gibbs free
energy calculations, indicating that surface energy minimization plays the most important
role in determining the nanoparticles’ shape, in competition with the cohesive energy, the
elastic strain energy, and the twin boundary energy.
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Figure 3. TEM images and the associated SAED patterns (inserted) of the as-prepared NiO nanoparti-
cles for the samples calcinated at 400 ◦C (a) and 500 ◦C (b).

At a higher magnification, the HRTEM micrographs show that both samples are fully
crystallized, showing lattice fringes corresponding to the fcc NiO crystal structure. For the
sample calcined at 400 ◦C, one can see that the size of the coherent crystalline domains is
even lower than the nanoparticle size measured on the lower magnification micrographs
and that the grain faceting is extremely limited. The quasi-spherical aspect observed at a
lower magnification is replaced by a rather irregular aspect of the nanoparticles’ surface. A
single well-defined crystal grain can be observed in the central part of Figure 4a. On the
enlarged image in Figure 4b, one can notice the [001] crystallographic orientation of this
grain and the faceting according to {100} planes. Nevertheless, most of the surrounding
nanoparticles show a rather rough surface with a high density of surface defects, such as
steps, corners, and kinks.
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Figure 4. HRTEM micrographs revealing the differences between the samples calcined at 400 ◦C
(a,b) and 500 ◦C (c,d) in terms of nanoparticles size, shape, surface roughness, and presence of
crystallographic defects. The white arrows in (c) point to typical planar defects observed inside a
large single crystal nanoparticle in [01-1] orientation (sample calcined at 500 ◦C). The parallel planar
defects in (d) are (−111) twin boundaries, while the zig-zag white line indicates the trace of the
(200) crystallographic planes inside the nanoparticle across the twin boundaries.

Apart from the noticeable size increase and faceting enhancement, the sample calcined
at 500 ◦C is also characterized by the presence of crystallographic defects trapped inside
the particles, most likely as a result of the coalescence process. These are either planar
defects, like twin boundaries, or low angle grain boundaries, pointed by white arrows, as
in Figure 4c. These defects define coherence domains of the order of 5–10 nm inside the
nanoparticles. The average size of the coherence domain is of the same order of magnitude
as the nanoparticle at 400 ◦C, which suggests a coalescence process during the calcinations
at 500 ◦C. A typical example is presented by the HRTEM micrograph in Figure 4d, showing
a rather large (>20 nm) nanoparticle close to the [01-1] orientation. Double white lines
indicate the (111) and (200) lattice fringes spaced at 0.241 nm and 0.209 nm, respectively.
Inside the nanoparticle, two parallel (−111) twin boundaries delimitate three coherent twin
domains. The trace of the (100) planes zig-zag-ing across the twin boundaries is indicated
by single white lines. The analyzed particle shows lateral facets according to the (100),
(111), and (−111) planes, as observed from the orientation of the corresponding lattice
fringes running parallel to the particle sides. It is rather difficult to say whether the upper
and bottom bordering surfaces are rigorously planar. The fact that we observe a rather
uniform contrast makes us conclude that there are no significant thickness variations, which
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means that the top and bottom bordering (01-1) surfaces (along the e-beam direction) are
rather flat.

As a conclusion of the TEM microstructural investigation, we mention that the two
samples differ essentially at the morphological level. While the sample calcined at 400 ◦C
consists of small-sized crystalline nanoparticles, with less if any facetted grains, forming
clusters where the nanoparticles are in contact with each other, the 500 ◦C sample shows
noticeable larger nanoparticles, with an enhanced faceting according to the main {100},
{110}, or {111} crystallographic planes.

3.3. X-ray Photoelectron Spectroscopy (XPS) Results

In order to assign the Ni chemical species detected by XPS, we accomplished the
deconvolution of the Ni2p3/2 high-resolution spectra based on the ISO-TC201 (“Surface
Chemical Analysis”—SCA) recommendations and NIST X-ray Photoelectron Spectroscopy
Database [31]. In addition, a critical review of the literature data was performed in order
to ensure, as best as possible, the accuracy and reliability of the obtained results. The
accuracy for the binding energies (BEs) assignments was ±0.2 eV. Figure 5a,b shows the
deconvoluted Ni2p3/2 photoelectron spectra for the NiO samples thermally treated at
400 ◦C and 500 ◦C, respectively. A close inspection of the Ni surface chemistry reveals the
presence of two different chemical species as follows: (i) the Ni detected at BE~853.5 eV
is attributed to the Ni2+ bonded into the NiO structure with a lower crystallinity degree.
The formation of the amorphous NiO cannot be completely ruled out [32,33]. (ii) The Ni
detected at the BE~855.2 eV is ascribed to the NiO associated with a higher crystallinity
degree, as was confirmed by XRD analysis and the literature reports [34–37]. Moreover, the
HRTEM highlighted a better surface definition and a preferential faceting for the sample
calcined at 500 ◦C. (iii) The peak fitted at BE ~ 857 eV accounts for the NiO multiplet
splitting (MS). [38,39]. On the other hand, the broad and intense “shake-up” satellite peaks
located at BE around 861.5 eV are the fingerprint for the NiO formation. In line with
these findings, we conclude that the chemical species, such as Ni2O3 and Ni(OH)2, were
not detected on the surface. These statements are clearly supported by the characteristic
binding energies for the Nip3/2 and O1s spectra, which should be shifted toward higher
binding energies as compared to our own data on NiO sensors [39–41].
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The oxygen chemistry was assessed from the high-resolution (HR) O1s spectra fol-
lowing the spectral deconvolution procedure (Figure 5b,c). Thus, for both samples, three
oxygen chemical species were highlighted as follows: (i) O2− at 529.5 eV attributed to
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the lattice oxygen, (ii) OH groups adsorbed on the surface assigned to the BE around
531 eV [31], and (iii) H2O at BE~533 eV [31]. Concerning the surface hydroxylation, one
can notice that the thermal treatment at 400 ◦C leads to a surface with a larger percentage
of OH-adsorbed groups. While the sensor labeled NiO cal@400 ◦C exhibits 42.9% lattice
oxygen, 45.5% OHads, and 12.5% H2O, the NiO cal@500 ◦C shows a lower amount of
OH groups (27.3%) and, roughly, the same amount of H2O (13.3%). We emphasize that,
although, with increasing temperature, the OH groups are partially desorbed, the water
content remains approximately constant, around 13%.

3.4. Gas-Sensing Results

Usually, when p-type MOX is exposed to in-field atmosphere, oxygen and hydroxyl
species are adsorbed, depending on the operating temperature and surface intrinsic prop-
erties [42]. The resulted hole accumulation region leads to an increase in the overall
conductance of p-type material, in our case, NiO. In order to find the optimum operating
temperature where CO detection takes place, the NiO cal@ 400 ◦C- and NiO cal@500 ◦C-
based gas sensors were measured at different temperatures from 26 ◦C to 400 ◦C. As can
be seen in Figure 6, the sensor signal (defined as S = RCO/Rair, where RCO is the electrical
resistance under 50 ppm CO exposure and Rair is the electrical resistance under reference
synthetic air with 50% RH) increases with the increase in operating temperature, reaching a
maximum at 250 ◦C for both materials, followed by an abrupt decrease to 400 ◦C. Such be-
havior is commonly observed for most of the MOX-based gas sensors and can be explained
by the balance between the speed of the adsorption/desorption and gas diffusion [43].
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gas sensors.

Making use of the classical theory of grain-to-grain boundary, we would have expected
a decrease in the sensor signal [44] when the grain size increases from 9 nm to 20 nm,
according to HRTEM investigations. On the contrary, an increase in the sensor signal
with about 6% for NiO cal@500 ◦C was recorded, revealing specific surface behavior that
cannot be explained solely based on the sensor signal. By simultaneous electrical resistance
and contact potential difference measurements upon CO exposure in the presence of
50% RH, it becomes possible to decouple between ionosorption (surface band bending
(∆VS) changes) and physisorption (electron affinity (∆χ) changes). The former controls
the conduction changes upon gas exposure by a change in the potential barrier height,
whereas the latter provides information about the surface reactivity. The condition of
Debye length (LD) < grain radius (r) should be considered for both NiO cal@400 ◦C and
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NiO cal@500 ◦C since LD [45] is approximated to 1–2 nm (since the hole concentration
equals 1.3 × 1019 cm−3) using the following relation (1):

LD =

√
εε0kBT

q2 pb
(1)

where: ε is the NiO permittivity; ε0 is the permittivity of free space; kB is the Boltzmann
constant; T is the operating temperature; q is the charge of an electron; and pb is the
concentration of holes in the bulk.

Work function (∆Φ) is calculated as q∆CPD based on experimental data and contains
three contributions: band bending q∆VS, electron affinity ∆χ, and the energy difference
between the conduction band and Fermi level in the bulk (EC−EF)bulk:

∆Φ = q∆CPD = q∆VS + ∆χ + (Ec − EF)bulk (2)

Considering the last term constant, the first two contributions may change upon
gas exposure.

It is worth mentioning that the changes of each influence the work function but without
changing each other.

Specific for p-type MOX, surface band bending is related to the electrical resistance,
according with Equation (3):

q∆VS = −2kBTln
(

RCO
Rair

)
(3)

In order to avoid any interference between CPD and the resistance measurement, the
investigations have been performed simultaneously and data analysis was completed using
the same time scale.

3.4.1. Gas-Sensing Mechanism towards CO Exposure under 50% RH for NiO Calcined at
400 ◦C

Equations (2) and (3) were used to characterize the CO-sensing mechanism in the
presence of 50% RH. Under these in-field conditions, potential reaction partners for CO
are various oxygen ions, such as: O−

2 , O−, O2−, and hydroxyl species OH−. According to
Refs. [46,47], mostly O− ions might be adsorbed on the surface of NiO nanomaterials.

As can be seen in Figure 7a, with an increasing CO concentration, both the resistance
and contact potential differences change monotonously as an effect of successive exposure
to progressive CO concentrations, from 15 to 100 ppm. The measurement protocol alternates
the CO exposure from 30 min with synthetic air with 50% RH exposure for 1 h.

In Figure 7b, it is observed that both surface band bending q∆VS and electron affinity
∆χ decrease as the CO concentration increases. It deserved to be noticed that the decrease
in ∆Φ results as the sum of the two individual decreases (surface band bending and
electron affinity)

In order to explain such an effect, one has to consider the interaction between CO and
weakly bonded hydroxyl groups on the NiO surface, releasing electrons in the valence
band (decrease in the q∆VS) and decreasing the surface coverage with OH groups (∆χ
decreases). Thus, an appropriate reaction mechanism is sketched in Figure 8.
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Figure 7. Electrical resistance and CPD changes with respect to the CO concentration (a); potential
changes under CO exposure for NiO calcined at 400 ◦C (b).
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3.4.2. Gas-Sensing Mechanism towards CO Exposure under 50% RH for NiO Calcined at
500 ◦C

Even if qualitative, electrical resistance, and CPD exhibit similar behaviors, there are
quantitative differences between NiO calcined at 500 ◦C and NiO calcined at 400 ◦C when
comparing Figures 7a and 9a. Upon a closer look at the experimental results, we obtain,
using Equations (2) and (3), similar dependencies for work function ∆Φ and surface band
bending q∆VS but opposite for electron affinity variation ∆χ (Figure 9b). More specifically,
∆χ increases for the first CO concentration and further remains relatively constant.
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Figure 9. Electrical resistance and CPD changes with respect to the CO concentration (a); potential
changes under CO exposure for NiO calcined at 500 ◦C (b).

The presence of two situations might be attributed to different interaction partners at
the NiO surface. Accordingly, we propose a two-fold mechanism involved in CO detection
with gas sensors based on NiO calcined at 500 ◦C.

The increase in the electron affinity can be explained following two models, suggested
by Heiland and Kohl [48], envisaging water dissociation on the reactive surface heated at
250 ◦C. Accordingly, an interaction with the surface hydroxyl groups is likely to occur. On
the other hand, the electron affinity remains relatively constant above 15 ppm CO, while the
surface band bending decreases pronouncedly when compared to NiO cal@400 ◦C. Across
the whole range of CO concentrations, the behaviors of ∆χ and q∆VS can be attributed to
the interaction between CO and surface-adsorbed OH− and also to the O− competitive
adsorption, according to the chemical interactions sketched in Figure 10.

Chemosensors 2022, 10, x FOR PEER REVIEW 11 of 14 
 

 

Figure 9. Electrical resistance and CPD changes with respect to the CO concentration (a); potential 
changes under CO exposure for NiO calcined at 500 °C (b). 

The increase in the electron affinity can be explained following two models, sug-
gested by Heiland and Kohl [48], envisaging water dissociation on the reactive surface 
heated at 250 °C. Accordingly, an interaction with the surface hydroxyl groups is likely to 
occur. On the other hand, the electron affinity remains relatively constant above 15 ppm 
CO, while the surface band bending decreases pronouncedly when compared to NiO 
cal@400 °C. Across the whole range of CO concentrations, the behaviors of ∆χ and q∆VS 
can be attributed to the interaction between CO and surface-adsorbed OHି and also to 
the Oି  competitive adsorption, according to the chemical interactions sketched in Figure 
10. 

 
Figure 10. Intuitive cartoon of CO-sensing mechanism with NiO calcined at 500 °C. 

Based on these results, it is plausible to assume that the higher CO sensitivity for NiO 
calcined at 500 °C is related to two contributions within the sensitive layer, which behave 
qualitatively differently. These two potential contributions can be associated with the 
HRTEM investigations that underlined two different facets of the crystallites and also to 
the XPS results that highlight the differences related to the amount of lattice oxygen and 
OH groups as a premise for specific surface interactions. 

4. Conclusions 
In this work, we investigated the role played by the calcination temperature of NiO-

based gas sensors regarding the CO-sensing mechanism under in-field conditions. Ac-
cording to the HRTEM investigations, an increase in the calcination temperature from 400 
°C to 500 °C brings a faceting enhancement, as well as an increase in the particle size from 
9 nm to 20 nm. Moreover, the XPS results emphasize the fact that, the lower the calcination 
temperature is, the higher the amount of surface hydroxyl groups is. We cannot quantita-
tively evaluate from the TEM observations what fraction of the total surface area is repre-
sented by {111} faceting in comparison with {100} faceting or other high Miller index local 
surface orientations. However, the presence of H2O and OH−, evidenced by the deconvo-
luted XPS peaks for the O1s singlet and the role played by the OH− in the sensing mecha-
nisms, can be related to a significant fraction of the NiO nanoparticles exhibiting {111} 
faceting. As such, we developed an appropriate gas-sensing mechanism towards CO ex-
posure with respect to the calcination temperature. By decoupling the potential changes 

Figure 10. Intuitive cartoon of CO-sensing mechanism with NiO calcined at 500 ◦C.



Chemosensors 2022, 10, 191 12 of 14

Based on these results, it is plausible to assume that the higher CO sensitivity for
NiO calcined at 500 ◦C is related to two contributions within the sensitive layer, which
behave qualitatively differently. These two potential contributions can be associated with
the HRTEM investigations that underlined two different facets of the crystallites and also
to the XPS results that highlight the differences related to the amount of lattice oxygen and
OH groups as a premise for specific surface interactions.

4. Conclusions

In this work, we investigated the role played by the calcination temperature of NiO-
based gas sensors regarding the CO-sensing mechanism under in-field conditions. Ac-
cording to the HRTEM investigations, an increase in the calcination temperature from
400 ◦C to 500 ◦C brings a faceting enhancement, as well as an increase in the particle size
from 9 nm to 20 nm. Moreover, the XPS results emphasize the fact that, the lower the
calcination temperature is, the higher the amount of surface hydroxyl groups is. We cannot
quantitatively evaluate from the TEM observations what fraction of the total surface area is
represented by {111} faceting in comparison with {100} faceting or other high Miller index
local surface orientations. However, the presence of H2O and OH−, evidenced by the
deconvoluted XPS peaks for the O1s singlet and the role played by the OH− in the sensing
mechanisms, can be related to a significant fraction of the NiO nanoparticles exhibiting
{111} faceting. As such, we developed an appropriate gas-sensing mechanism towards
CO exposure with respect to the calcination temperature. By decoupling the potential
changes (e.g., work function, surface band bending, and electron affinity), we underlined
the following:

- For NiO calcined at 400 ◦C, CO prefers a direct interaction with the surface hydroxyl groups;
- For NiO calcined at 500 ◦C, a two-step reaction mechanism is possible above and

below 15 ppm of CO, namely: with the surface hydroxyl groups (up to 15 ppm CO)
followed by CO–oxygen interaction above 15 ppm CO.
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