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A B S T R A C T   

Conductometric gas sensors based on metal oxide semiconductors (MOS) usually require high temperature 
operation, increasing their energy consumption and limiting their applicability. However, room temperature 
operation with these devices still remains a challenge in many sensor-analyte systems due in part to the low or 
null response and recovery speeds obtained at this temperature. In this work, the conductometric response of p- 
type NiO ceramic samples to ethanol is studied under room temperature operation. An anomalous response 
consisting in an unexpected resistance decrease upon ethanol exposure is observed depending on sample 
texturing, which is tuned by changing the temperature at which the samples are synthesized. This anomalous 
response is characterized by fast response and recovery times. A model based on two competing mechanisms, 
consisting in either an electron transfer from NiO to the ethanol molecule or the catalytic decomposition of 
adsorbed ethanol, is proposed to explain the observed anomalous response. Extending this model to other MOS 
could pave the way for fast sensors operating at room temperature.   

1. Introduction 

Conductometric or chemiresistive gas sensing has been an active 
research area for several decades, with metal oxide semiconductors 
(MOS) standing out as one of the most relevant material systems since 
they were initially proposed for this application in the 1960s [1]. 
However, a renewed interest has raised over the last years due to the 
development and settlement of thin film technologies and the appear-
ance of novel synthesis routes for the fabrication of nanostructured 
materials. MOS-based conductometric gas sensors are usually charac-
terized by high sensitivities, low production costs and high robustness 
which has led to their widespread use, from industrial manufacturing to 
security or environmental monitoring [2,3]. The extremely high surface- 
to-volume ratio achieved in their nanostructured counterparts improved 
their sensitivities and response times even further [4–6]. Nevertheless, 
conductometric gas sensors still present some obvious flaws, which are 
their usually poor selectivity, high operating temperature, and their 
tendency to present temporal drifts that requires periodic calibrations 
[3,7]. In particular, the requirement to operate at high temperature 
implies a higher power consumption that in practice limits the func-
tionality of these sensors [8]. Despite the long historical development of 
conductometric gas sensors, there are still open questions related to their 
fundamental working principle that need to be resolved in order to 

develop new strategies capable of tackling these problems. Generally 
speaking, any conductometric gas sensing mechanism can be regarded 
as a charge injection/extraction process caused by the interaction be-
tween the analyte and the sensor surface, which in turn modifies the 
overall conductivity of the sensor. The specific mechanisms can be very 
varied, including direct charge transfer between the analyte and the 
sensor surface [9], formation of electronic depletion/accumulation 
layers on the sensor [10,11], catalytic decomposition of the analyte 
[12], redox reactions between the analyte and the sensor [13], or 
competition for adsorption sites [14], among others. Each mechanism 
may produce a different response in the sensor, sometimes leading to 
opposite behaviors for the same sensor-analyte system, depending on 
their nature. Since usually more than one mechanism is present during 
the whole sensing process, sometimes unexpected or contradictory re-
sults may be obtained depending on the sensing conditions or particu-
larities of the fabricated device [15,16]. Unfortunately, this complex 
picture is usually ignored and most of the times the observed response is 
ascribed to an oversimplified process involving either redox reactions or 
ionosorption of oxygen species. The reason for this is the high depen-
dence of the conductivity of metal oxides on adsorbed oxygen and ox-
ygen defects, which makes these two options good candidates to explain 
those responses that match the expected behavior. However, failing to 
properly identify the possible sensing mechanisms involved in the 
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observed response may limit the recognition of potential applications 
and opportunities to overcome the typical limitations of these devices. 

Contrary to most binary and transition metal oxides usually 
employed in conductometric gas sensing, such as SnO2, In2O3, ZnO or 
TiO2 [8,17,18], NiO is a p-type MOS. P-type oxides have been, by far, 
less explored as conductometric gas sensors compared to their n-type 
counterparts [19], and their different interaction with oxygen and ox-
ygen defects may lead to different behaviors that can be exploited to 
fabricate new sensors with improved capabilities or enhance the 
response of n-type materials by the formation p-n heterojunctions. NiO 
has shown to have a good conductometric response towards ethanol, as 
published in a number of previous works [12,20–26]. Most of these 
works attribute the observed response to the decomposition of the 
ethanol molecule that reacts catalytically with the ionized oxygen spe-
cies adsorbed on the NiO surface following the general reaction: 

CH3CH2OH+ h+ +O−
ad→CH3CHO+H2O (1)  

where subsequent reactions with other adsorbed oxygen species may 
further oxidize the obtained subproducts, thus reducing the concentra-
tion of holes in the surface. This assumed response mechanism suggests 
essentially strategies focused on increasing the porosity and surface-to- 
volume ratio of the samples, as a potential way to improve both the 
sensitivity and the response/recovery time of the devices [12,21], as 
well as the incorporation of dopants or the functionalization with other 
MOS to improve the reactivity of the surface or enhance the formation of 
accumulation/depletion layers [20,22–24,26]. However, if only this 
sensing mechanism is considered, reducing the operation temperature 
down to room temperature may appear as a bad strategy since the 
aforementioned decomposition reaction is favored at high temperatures. 
As will be shown in this work, fast room temperature ethanol gas sensing 
with NiO is actually feasible by virtue of a hereinafter called anomalous 
sensing mechanism, which is enhanced at this temperature depending 
on the morphology and crystalline surface orientation of the samples. 
For this study NiO ceramic pellets were synthesized by direct oxidation 
of compacted Ni powders in oxygen poor conditions, which allows us to 
tune the final grain size and morphology of the obtained samples [27]. 
The overall crystalline orientation of the exposed surface of the samples 
was correlated with their surface electronic and chemical properties, 
and the observed sensing behaviors. With the help of Density Functional 
Theory (DFT) calculations a model based in two competing sensing 
mechanism is proposed to explain the sensing response. 

2. Methods and experimental section 

All NiO samples were grown using metallic Ni powders (Sigma 
Aldrich 99.99 %) as precursor material. The initial Ni powders were 
compacted into pellets and annealed at different temperatures ranging 
from 800 to 1400 ◦C for 10 h under an Ar flow in order to keep a 
controlled atmosphere. In this work we will focus on two different NiO 
samples referred to as #800 and #1400 based on the corresponding 
annealing temperature. Structural characterization of the samples was 
performed by X-ray diffraction (XRD) in a Philips X’Pert Pro diffrac-
tometer using Cu Kα radiation (λ = 1.54158 Å) in Bragg-Brentano 
configuration. Morphological study was carried out by scanning elec-
tron microscopy (SEM) using a Leica 440 Stereoscan and a FEI-Inspect 
S50. For the compositional analysis, energy dispersive X-ray spectros-
copy (EDS) measurements were performed with a Bruker AXS 4010 
detector mounted on a Leica 440 SEM. A Bruker e-FlashHR electron 
backscattered diffraction (EBSD) system attached to a FEI-Inspect SEM 
was used to obtain the orientation maps of the samples, employing an 
electron energy of 20 keV. X-ray photoelectron spectroscopy (XPS) 
measurements were carried out at the ESCA beamline at the Elettra 
synchrotron facility in Trieste (Italy). An excitation energy of 640 eV, 
with a spectral resolution of 200 meV, and a lateral resolution of 120 
nm, was used. Binding energy calibration of the samples was performed 

using the C (1 s) core level (285 eV) from residual carbon. Fitting of the 
obtained core level peaks was performed using Voigt profiles and Shirley 
background correction. 

Gas sensing measurements were performed using a homemade set- 
up, schemed in Fig. S1, which allowed us introducing controlled 
amounts of ethanol gas by bubbling N2 gas (99.999% purity) through 
liquid ethanol. The ethanol to N2 ratio was regulated using a needle 
valve before the bubbler and mixing the resulting saturated ethanol +N2 
solution with pure N2. The sample chamber, with the loaded sample, is 
purged for 20 min before each experiment, and for 10 min between each 
ethanol exposure cycle using pure N2. Ethanol induced resistance 
changes were measured using a Keithley 2400 SourceMeter. Throughout 
this work, sensitivity is defined as the percentage ratio ΔR/R0, which are 
the sample resistance difference with and without ethanol, and the 
sample resistance without ethanol, respectively. Sensitivity curves have 
been corrected to account for the resistance drift of the samples by 
subtracting a polynomial baseline after each purge. Due to the bulky 
nature of the samples (ceramic pellets), a large concentration of 16,000 
ppm of ethanol was used in these experiments, in order to obtain a clear 
response. However, similar behaviors were observed at lower ethanol 
concentrations (which may be reduced in our system down to ~200 
ppm). 

DFT calculations have been performed using the CRYSTAL program 
[28], in which the crystalline orbitals are expanded as a linear combi-
nation of atom-centered Gaussian orbitals, the basis set. The Ni, O, C and 
H ions are described using all-electron basis sets contracted as s(8) sp 
(6411) d(41), s(8) sp(411) d(1), s(6) p(311) d(1), s(511) p(1), 
respectively. Electronic exchange and correlation were approximated by 
using the Heyd-Scuseria Ernzerhof (HSE) hybrid functional. In order to 
avoid lateral interaction between ethanol molecules, 4 layers and a (4 ×
4) supercell have been considered for all the studied surfaces. The in-
ternal coordinates have been determined by minimization of the total 
energy within an iterative procedure based on the total energy gradient 
calculated with respect to the nuclear coordinates. Convergence was 
determined from the root-mean-square (rms) and the absolute value of 
the largest component of the forces. The thresholds for the maximum 
and the rms forces (the maximum and the rms atomic displacements) 
have been set to 0.00045 and 0.00030 (0.00180 and 0.0012) in atomic 
units. Geometry optimization was halted when all four conditions were 
satisfied simultaneously. Several positions of ethanol, both on molecular 
and dissociated adsorption, have been considered to find the lowest in 
energy. 

3. Results and discussion 

After the thermal treatments carried out at 800 ◦C and 1400 ◦C, two 
different samples are obtained showing distinct morphological and 
microstructural features. Sintering effects are observed on sample #800 
(Fig. 1a) which presents a surface formed by agglomerated grains with 
spherical shape and diameters in the range of few microns. Conversely, 
treatments carried out at 1400 ◦C result in the growth of densely packed, 
highly oriented microcrystals with dimensions ranging from 20 to 40 µm 
and faceted surfaces that develop well-defined terraces and arrays of 
squared shaped pits, as shown in Fig. 1b. These pits are inverted pyra-
mids with exposed {111} facets that grow on top {100} surfaces along 
〈011〉 directions [27]. XRD measurements confirm that the analyzed 
samples are formed by NiO with cubic structure (space group Fm-3 m) 
and lattice parameters a = b = c = 4.17 Å (Fig. 1c). Peak intensity 
distribution of sample #800 confirms its polycrystalline nature and 
random orientation, in agreement with the observed morphology. 
However, sample #1400 is strongly textured along the {100} planes as 
evidenced by the enhanced intensity of its 200 reflection. It is worth 
noting that XRD measurements in Brag-Brentano configuration only 
indicate the general crystalline orientation of the sample relative to the 
plane defined by its overall surface, not the actual orientation of the 
exposed surface: only on perfectly smooth and flat surfaces both 
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parameters will be the same. 
The crystalline orientation of the exposed surfaces strongly affects 

their catalytic activity, their chemical reactivity and their adsorption 
energy barriers, thus being a relevant parameter to understand the 
sensing characteristics of the samples. Sample #800 has a completely 
random surface orientation as shown by the combination of SEM and 
XRD measurements. Sample #1400, on the contrary, is highly textured 
and presents large grains with well-defined facets, terraces and pits, thus 
pointing to a preferential orientation of its exposed surfaces. If the sur-
face of the grains was completely flat and parallel to the sample surface, 
this preferential orientation will correspond to the {100} planes as 
revealed by XRD. However, the exposed surface of terraces and pits, 
which essentially cover the majority of the sample surface, have 
different orientations. To elucidate their actual orientation, EBSD maps 
were performed on selected regions and the obtained pole figures are 
shown in Fig. 2. Fig. 2a shows a detail of one of those areas, which is 
representative of regions containing both pits (red arrow) and terraces 
(green arrow). The resulting crystallographic orientations for different 
family planes are shown in the pole figures plotted in Fig. 2b. Pits 
develop on {100} surfaces, which is evident by the appearance of a 
central spot in the {100} pole figure, and hence their internal facets 
correspond to {111} planes, as reported in previous works [27]. Thus, 
the exposed surface of those grains which are completely covered by pits 
is oriented along the {111} planes, despite their general orientation 
being the {100}. Fig. 2c shows the complete orientation schematic for 
the pits. Terraces, on the other hand, always develop parallel to {111} 
planes, as indicated by the central spot in the corresponding pole figure 
of Fig. 2b, with the step wall parallel to either {100} or {112} planes 

(see schematic of Fig. 2d). This is a general result obtained in all terraces 
measured by EBSD, which showed orientations compatible with {111} 
exposed surfaces regardless of their tilting or rotation. Thus, the for-
mation of polar, yet atomically dense {111} exposed surfaces is strongly 
enhanced during the thermal oxidation of metallic Ni at 1400 ◦C and 
under poor oxidation conditions. The appearance of either pits or ter-
races is determined by the general orientation of the grain, with pits 
developing on {100} grains and terraces appearing on grains with other 
orientations. While sample #800 shows no preferential crystalline 
planes exposed to the surface due to its polycrystalline nature and poorly 
faceted grains, the exposed surfaces of sample #1400 are highly ori-
ented parallel to the {111} crystallographic planes, even if the general 
texture shows a preferential {100} orientation. 

In order to further characterize the surface of the samples, XPS 
measurements were performed on both samples. Fig. 3a shows a XPS 
micrograph of sample #1400, acquired with the Ni (3p) signal, where 
three different regions can be recognized. The top left region (B) cor-
responds to a pitted area, the lower region (C) is a terraced surface, and 
the top right region (A) is a smooth surface, with no apparent terraces or 
pits. Fig. 3b – d show a comparison of the O (1s) and Ni (3p) core level 
and valence band (VB) normalized XPS spectra measured at the three 
regions of sample #1400 shown in Fig. 3a, and the spectra recorded 
from sample #800. 

It is interesting to note that the spectra recorded from the smooth 
region in sample #1400 (point A) closely resembles the features 
observed in sample #800, which is an indication that this area could 
exhibit similar random orientation, i.e., other than {111}, as in sample 
#800. Points B and C, on the other hand, are closer in their recorded 

Fig. 1. SEM images of NiO samples sintered at (a) 800 ◦C and (b) 1400 ◦C. (c) Corresponding XRD patterns.  
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spectra, which is in agreement with their similarly exposed {111} 
orientation, as revealed by EBSD. The O (1 s) core level spectrum of 
sample #800 (Fig. 3b) shows an almost single peak centered at a binding 
energy (BE) of 531.5 eV, which is related to oxygen in NiO atomic po-
sitions. Sample #1400, on the other hand, shows a similar dominant 
peak in all three spectra, but with a small shoulder at higher BE which 
can be fitted to a second contribution centered at 533.2 eV related to 
adsorbed oxygen species. This contribution is almost negligible at the 
point of random orientation (point A) but becomes significant at points B 
and C which correspond to {111} surfaces, revealing a preferential 
absorption of oxygen species on {111} surfaces. Signal from Ni (3p) 
core level also shows some subtle differences between analyzed regions. 
This spectrum is composed of two doublets corresponding to Ni (3p3/2) 
and Ni (3p1/2) levels for both Ni2+ and Ni3+ oxidation states. The 
dominant peak is related to the Ni2+ doublet centered at 68.6 and 70.1 
eV respectively, while the high energy shoulder is produced by the Ni3+

doublet centered at 72.0 and 74.9 eV. Due to the energy proximity and 
identical elemental origin of both contributions, the Ni3+ to Ni2+ con-
centration ratio can be estimated from their fitted peak areas. Table 1 
summarizes the calculated ratios as well as other quantitative and 
qualitative parameters measured at each point in Fig. 3a. It is evident 
from the table that the ratio of Ni3+ to Ni2+ is similar in both the sample 
#800 and the randomly oriented surface of point A in sample #1400, 
while decreases in those surfaces with {111} orientation (terraces and 
pits), of points B and C. 

Fig. 3d shows the measured VB photoelectron spectra in both sam-
ples. The VB edge of NiO has two components from O (2p) and Ni (3d) 
core levels, marked in the spectra. Their relative contribution varies 
significantly depending on their orientation. Surfaces with random 
orientation (such as point A in sample #1400 and sample #800) show a 

higher contribution from O (2p) core level, compared to {111} surfaces 
(points B and C in sample #1400), which is in agreement with the lower 
Ni3+ signal observed from {111} surfaces, as higher oxidation states are 
enhanced by the presence of more oxygen ions in the lattice. The Fermi 
level, relative to the VB maximum, has been determined from a linear fit 
of the VB onset, and the results are summarized in Table 1. Both samples 
show a clear p-type character, as expected, with the Fermi level closer to 
the VB on {111} surfaces compared to randomly oriented surfaces. 
While the reduced amount of Ni3+ at the {111} surfaces might seem 
contradictory with their higher p-type character, it is important to 
remember that these surfaces also showed a significantly higher amount 
of adsorbed oxygen species that tend to trap electrons from the sample 
surface, thus reducing their Fermi level, in agreement with the observed 
results. 

The gas sensing properties of both #800 and #1400 samples have 
been tested upon ethanol exposure at different working temperatures. 
Fig. 4a shows the sensitivity of both samples to ethanol during three 
continuous exposure cycles at 28 ◦C. Sample #800 shows a resistance 
decrease upon ethanol exposure, while sample #1400 presents a com-
plex behavior, with a fast initial resistance drop followed by a slower 
increase after a few seconds. The sensitivity of sample #1400 is clearly 
lower (in absolute value) than that of sample #800 and it degrades 
visibly at the third cycle. Decreasing the amount of injected ethanol 
resulted in a lower response, but with no further change in the response 
curves (not shown). 

Ethanol is usually regarded as a reducing agent as it tends to donate 
electrons through its chemical decomposition at the sensor surface, 
commonly following the reaction shown in equation (1). For p-type 
materials as NiO this reaction should lead to an increase in their resis-
tance, as reported previously by several authors [20,23]. However, 

Fig. 2. (a) Detailed SEM micrograph from 
sample #1400 showing both pits and ter-
races, and (b) corresponding pole figures in 
stereographic projection of their crystalline 
orientations as measured by EBSD. Dashed 
red circles in (b) correspond to identified 
poles of the pits, marked by the leftmost red 
arrow in (a), while solid green circles indi-
cate poles obtained from the terraces marked 
by the rightmost green arrow in (a). (c) and 
(d) show schematics of the crystallographic 
orientations of both pits and terraces.   
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sample #800 shows an opposite, anomalous behavior, more character-
istic of n-type materials. Similarly, sample #1400 presents an initial 
anomalous resistance drop, followed by the expected resistance increase 
characteristic of p-type materials exposed to reducing agents. Despite 
the Fermi level of sample #800 is higher than for sample #1400 (owing 
to its random orientation nature), both samples are undoubtedly p-type, 
as the Fermi energy is far closer to the valence band than to the con-
duction band in both cases, as XPS data indicate. 

An inversion from p to n (or n to p) type response has been reported 
previously for several sensor-analyte pairs, where the n or p type here is 
referred only to the response to the analyte and not to the conductivity 
type (electrons or holes). The mechanisms behind this phenomenon are 
usually not well understood and tend to be peculiar of each sensor- 
analyte system, without a general theory describing the majority of 

the cases. For instance an anomalous NiO response to H2S has been re-
ported to be caused by the partial reaction of H2S with NiO to form NiS, 
which is more conductive [29]. Indium oxide nanowires show a 
different response to NH3 depending on the position of their Fermi level 
relative to the charge neutrality level of the adsorbed NH3 behaving as n- 
type for highly doped In2O3 and as p-type for more intrinsic samples [9]. 
Other authors have reported a switch from n to p response on Fe2O3 
towards NO2 depending on the NO2 concentration and sensing tem-
perature caused by two competitive processes, namely the competition 
between NO−

2 and O− species for the same adsorption sites, and the 
chemical reaction of adsorbed NO−

2 and O− to form gaseous NO and O2 
[14]. However, to the best of our knowledge no anomalous sensing 
behavior has been reported so far for the NiO-ethanol sensing pair. 

To shed some light on this abnormal behavior we have performed 
sensing measurements at higher operation temperatures, while main-
taining the same ethanol concentration. Fig. 4b shows the sensing 
response of sample #800 at room temperature (28 ◦C) and at 50 and 
100 ◦C, characterized by a slight sensitivity increase at higher temper-
atures. At 50 ◦C the response curve (i.e., the region where ethanol is 
introduced) shows a slight inversion in its trend after reaching the 
saturation value. At 100 ◦C this inversion in the response becomes 
evident, with a resistance increase appearing shortly after the ethanol 
has been introduced, very similar to the response characteristics of 
sample #1400 at RT. For sample #1400 the situation is completely 

Fig. 3. Representative X-ray photoelectron image (a) of sample #1400 acquired with the Ni (3p) signal, and comparison of the spectra of O (1s) and Ni (3p) core 
levels (b and c), and valence band (VB) (d) measured at the indicated points in (a), along with the corresponding spectra of sample #800. 

Table 1 
Qualitative and quantitative XPS results obtained at sample #800 and different 
points of sample #1400.  

Sample Ads. O Ni3+/Ni2+ O(2p)/Ni(3d) EF (eV)* 

#800 – –  0.36 ++ 1.48 
Point A –  0.34 + 1.37 
Point C + 0.25 –  1.15 
Point B ++ 0.22 – –  1.15  

* The Fermi level (EF) is given relative to the VB maximum. 
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different (Fig. 4c). At 50 ◦C the sensitivity increases by a factor 2 and, 
while the anomalous part of the response curve disappears almost 
completely at this temperature, it shows an enhanced signal at the 
beginning of the recovery curve (i.e., the region where ethanol is 
purged), visible as a sharp resistance increase right after ethanol is 
evacuated. Moreover, the sensitivity degradation is already visible in the 
second cycle, in contrast to the case at RT where it was apparent only at 
the third cycle. Interestingly at 100 ◦C the sensitivity of the sample drops 
to almost zero (not shown), showing nothing more than a very noisy 
signal. 

Another interesting feature of these sensitivity curves is the fast 
response/recovery times shown by the anomalous behavior. In order to 
accurately measure these values, the sensitivity curves have been fitted 
to two exponentials, corresponding to the response and recovery parts 
for each cycle. Table 2 shows the obtained values for sample #800 at 
each temperature. At 100 ◦C the appearance of the complex dual 
behavior prevents the determination of the recovery time and thus only 
the response time for the initial fast resistance drop, corresponding to 
the anomalous mechanism, has been estimated. It is clear that not only 
the sensitivity of sample #800 increases with temperature, but also the 
response and recovery times decrease, as expected, although the re-
covery time seems to reach a minimum value at a 50 ◦C. For sample 
#1400 its complex behavior hinders any fit to a simple exponential 
trend, and thus no quantitative analysis may be performed; however, it 
is clear from the graphs that the response and recovery times are 
significantly larger compared to sample #800. Comparison with values 
published in previous works (Table 2) highlight the fast kinetics of the 

anomalous response, which show similar performances than samples 
measured at high temperature (>200 ◦C). 

These results suggest the presence of two dominant and competitive 
mechanisms with opposite influence on the sample sensitivity: one 
responsible for the expected p-type behavior, and another one leading to 
an apparent abnormal n-type behavior. The normal behavior can be 
attributed to the dissociative chemisorption of ethanol at the surface of 

Fig. 4. Conductometric gas response to the presence of a high concentration of ethanol (~16,000 ppm), for samples #800 and #1400. (a) Comparison between both 
samples measured at room temperature. (b) Gas response of sample #800 measured at different temperatures up to 100 ◦C. (c) Gas response of sample #1400 
measured at 28 ◦C and 50 ◦C. 

Table 2 
Response and recovery times measured at different temperatures for sample 
#800 and comparison with previous works at high temperature.  

Sample type T (◦C) τresponse(s)  τrecovery(s)  Reference 

Ceramic pellet 28 30.34 ±
0.14 

86.8 ±
0.4 

This work 

Ceramic pellet 50 14.32 ±
0.08 

39.8 ±
0.6 

This work 

Ceramic pellet 100 16.0 ± 0.3 – This work 
Al doped NiO nanorod 200 48 40 [30] 
NiO Nanoparticles 250 4 8 [31] 
NiO Microrods 250 15 25 [32] 
NiO nanosheets 300 27–48 77–105 [12] 
NiO/ZnO nanowires 300 4 28 [33] 
NiO-SnO2 nanofibers 300 2 3 [24] 
NiO Nanowires 340 17 15 [21] 
NiO porous sphere 350 23 24 [34] 
NiO Nanoparticles 350 124 – [35] 
In2O3‑Decorated NiO Hollow 

Nanostructures 
325–475 60–150 23–90 [23]  
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the sample and subsequent electron release via reaction (1) or any other 
equivalent reaction involving adsorbed oxygen species, commonly re-
ported in the literature [12,20–26]. The anomalous behavior, on the 
contrary, cannot be explained by this mechanism, so we propose a 
process in which NiO electrons are trapped by physisorbed or non- 
dissociative chemisorbed ethanol molecules, leading to a resistance 
decrease upon ethanol exposure. Chemical reactions as well as disso-
ciative chemisorption usually involve higher energy barriers compared 
to physisorption and non-dissociative chemisorption, which usually 
present smaller or negligible energy barriers. Thus, the normal p-type 
response may increase significantly at higher temperatures, while the 
anomalous mechanism is more temperature insensitive, explaining why 
at higher temperatures the behavior of both samples is dominated by the 
expected p-type response, even if for sample #800 the anomalous 
mechanism is more relevant at room temperature. It also explains why at 
50 ◦C the sensitivity improvement of sample #1400 is larger than that of 
sample #800. Larger energy barriers also imply slower kinetics, as 
observed from the qualitative comparison of the response time in both 
samples, where the anomalous behavior shows faster kinetics compared 
to the normal p-type behavior at any temperature. 

There are still couple of questions remaining, which are the passiv-
ation of sample #1400 at 100 ◦C, and more importantly, the origin of the 
different behavior between both samples. The first question may be 
answered considering a surface poisoning process, consistent with the 
degradation of the response after one or two cycles, depending on the 
sensing temperature. Ethanol decomposition may produce a series of 
different subproducts which, owing to the relatively low temperature of 
the sensing experiments, may desorb slowly from the surface, limiting 
the number of adsorption sites for new ethanol molecules over time. 
Thus, as more cycles are measured, more subproduct molecules get 
attached to the surface, degrading the response. At higher temperatures 
ethanol is decomposed more efficiently, but if these temperatures are 
not high enough (typically 200 – 300 ◦C) the resulting subproducts may 
remain on the surface for long periods of time, thus accelerating the 
poisoning process and explaining the faster degradation in the response 
of sample #1400 at 50 ◦C and its passivation at 100 ◦C. The response of 
sample #800 is dominated by physisorption/non-dissociative chemi-
sorption processes at room temperature, and therefore should not be 
affected by surface poisoning at this temperature. However, at higher 
temperatures, when ethanol decomposition becomes more relevant, the 
response starts degrading already during the second cycle, at both 50 ◦C 
but more significantly at 100 ◦C, as shown in Fig. 4b. In this case, the 
degradation is observed mainly in the dominant anomalous response, 
strongly pointing to the blockage of the active ethanol adsorption sites as 
the main poisoning source, rather than other possible processes such as 
the depletion of the adsorbed oxygen, necessary for the normal p-type 
response, but more irrelevant for the anomalous response. The observed 
poisoning is not irreversible, and recovers after several hours at room 
temperature, as expected from the formation of slow desorbing 
subproducts. 

Regarding the rather different response observed in both samples, 
there are essentially four main differences between both samples: grain 
size/boundaries, porosity, grain orientation, and surface oxidation 
state/defects. Grain size and grain boundary density are interrelated 
magnitudes and may play a role in the sensing process through two 
possible mechanisms. The first one is related to the presence of energy 
barriers in the conduction path due to the formation of depletion layers 
at the grain boundaries. The barrier height, and hence the sample con-
ductivity, is then controlled by the injection/extraction of charge pro-
duced by the adsorbed molecules [10]. Therefore, under this mechanism 
a change in grain size would change the sensitivity of the sample, but not 
the type of response, i.e. n- or p-type. The second mechanism arises 
when the grain size is reduced close to the Debye length of the material 
[36]. Charge injection/extraction may induce the formation of an 
inversion layer whose size is proportional to the Debye length. If the 
grain size is small enough, the intragrain conduction is controlled by the 

inversion layer and the material behaves as the opposite type. While this 
may explain the change from p-type to n-type sensitivity on sample 
#800, the average grain size of this sample is of several microns. To 
achieve Debye lengths of this magnitude at room temperature a carrier 
density as low as 1012 cm− 3 would be required, which is not compatible 
with its pronounced p-type character, as observed by XPS, and relatively 
high conductivity. Porosity may influence the diffusion speeds into the 
bulk of the samples and should affect mainly to the recovery and 
response times, but should not significantly affect the physicochemical 
processes leading to the sensing response. Even if porosity is quite 
different between both samples, a qualitative comparison of the 
response and recovery times for the same sensing mechanism (either 
normal p-type or anomalous) shows similar behaviors in both samples. 
Moreover, experiments performed on samples fabricated at intermediate 
temperatures, showing significantly lower porosity and higher grain size 
than sample #800 (close to those of sample #1400), but similar random 
exposed surface orientation, show similar behaviors as sample #800. 
Conversely, partially textured samples present intermediate behaviors 
between samples #800 and #1400 (see Supporting Information S2), 
despite having a similar grain size as sample #1400. Therefore, porosity 
and/or grain size/boundaries do not seem to determine the type of 
sensing response obtained in the samples. 

XPS results revealed a small increase in the Ni3+/Ni2+ ratio in sample 
#800 compared to sample #1400. However, this difference seems to be 
more related to the predominant orientation of the exposed surface 
rather than the treatment temperature, as only grains with {111} 
exposed surfaces in sample #1400 show a significantly smaller Ni3+/ 
Ni2+ ratio compared to sample #800. Thus, oxidation state is directly 
related to the crystalline orientation of the exposed surface. A change in 
the Ni3+/Ni2+ ratio could affect the adsorption and subsequent 
decomposition of ethanol at the surface, as well as the amount of 
adsorbed oxygen species, involved in the normal p-type response. Ox-
ygen indeed adsorbs less efficiently on sample #800 and randomly 
oriented surfaces of sample #1400 as compared to {111} exposed 
surfaces (see Table 1 and Fig. 3b). In fact, grain orientation alone is 
sufficient to induce significant changes in the gas sensing response of 
NiO. Polar NiO {111} surfaces are known to be more chemically active 
than other low Miller index, non-polar surfaces such as {100} or {110} 
[37]. Predominance of {111} surfaces in NiO may significantly enhance 
the decomposition rate of ethanol even at low temperatures, as observed 
on sample #1400, while other orientations may favor adsorption and 
charge transfer/trapping processes over chemical reactions. 

To further confirm this hypothesis, DFT calculations of ethanol 
adsorption over different surfaces have been performed. Fig. 5 shows a 
side view of the room temperature equilibrium position of the ethanol 
molecule on top of {100}, {110} and Ni- or O- terminated {111} 
surfaces. The corresponding calculated density of states (DOS) for each 
situation is shown in Fig. S3 in the Supporting Information. In order to 
simplify the interpretation of the results no amount of Ni3+ ions was 
considered in this case. For the polar surfaces the most stable octopolar 
surface reconstruction was used [38]. It is evident from the calculations 
that both Ni-{111} and O-{111} polar surfaces as well as {110} non- 
polar surface induce the decomposition of the ethanol molecule by 
breaking one H-O or C-H bond. The released hydrogen atom may either 
inject one electron to the NiO surface or combine with an adsorbed O to 
eventually form an H2O molecule, which can desorb from the surface, 
releasing a trapped electron. Conversely, {100} surface shows no cat-
alytic activity, leading only to the adsorption of ethanol on top of a 
surface Ni atom. 

Charge transfer has also been calculated for each case by comparing 
the total amount of electrons per atom at the surface and at the ethanol 
molecule before and after being adsorbed/decomposed. Table 3 shows 
the total charge transfer for each surface, with negative values being 
electrons transferred from the NiO surface to the ethanol molecule. 

It is clear that ethanol tends to trap electrons from the surface of NiO 
irrespective of its orientation. Similar behavior has been reported for 
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ethanol adsorption on CaO which is also a p-type semiconductor [39]. 
Therefore, ethanol adsorption alone, should always lead to a decrease in 
resistance on NiO, which opposes to the resistance increase caused by 
reaction (1) that takes place on some surfaces after the ethanol molecule 
has been decomposed. 

These results strongly support the hypothesis of the coexistence of, at 
least, two main competing sensing mechanisms that takes place at the 
same time during ethanol sensing at room temperature. One mechanism 
would be based on the dissociative chemisorption of ethanol, which is 
particularly efficient on {110} and {111} surfaces such as those pre-
dominating on sample #1400, and another one based on charge 

transfer/trapping of adsorbed ethanol, which is produced on every 
surface regardless of its orientation. A schematic of both proposed 
processes is shown in Fig. 6. 

It is worth noting that dissociative adsorption of ethanol on {110} 
and {111} NiO surfaces obtained by DFT calculations results from en-
ergy minimization of the final state of the system, and thus no energy 
barrier or other kinetic limitations are considered. Chemical dissociation 
is usually an energy activated process and surface catalyzed dissociation 
enhances these reactions by lowering the total energy barrier of the 
process. Therefore, higher temperatures should enhance the normal p- 
type response by speeding up the dissociation processes. On samples 
showing random orientations such as sample #800 or sample #1150 in 
the Supporting Information, the absence of a preferential orientation of 
the exposed surfaces along {110} or {111} planes strongly decreases 
the efficiency at which ethanol is decomposed. Thus, the anomalous 
response dominates in these samples even at high temperatures, with the 
normal p-type response only slightly starting to show up at temperatures 
of at least 100 ◦C. On the contrary, for samples with {111} preferential 
orientation the dissociation process is strongly favored and normal p- 

Fig. 5. DFT calculations for the adsorption of a single ethanol molecule atop of different NiO crystalline surfaces, comprising {100}, {110} and nickel or oxygen 
terminated {111} surfaces, showing the final stable configuration of adsorbed ethanol. 

Table 3 
Charge transfer, q, upon ethanol adsorption on different NiO surfaces.  

Surface {100} {110} Ni-{111} O-{111} 

Transferred q*  − 0.11  − 0.43  − 0.09  − 0.36  

* Negative values imply an electron transfer from NiO surface to ethanol 
molecule. 

Fig. 6. Schematic of the proposed competing ethanol sensing mechanism on NiO. (a) Anomalous sensing mechanism: ethanol molecules adsorb over the NiO surface, 
acting as electron traps/acceptors, increasing the overall conductivity of the sample. (b) Normal p-type sensing mechanism: ethanol molecules dissociate on the NiO 
surface, oxidizing and releasing H atoms. These H atoms may either inject directly electrons to the surface (pathway 1), or recombine with adsorbed O ions to form 
H2O, releasing a trap electron (pathway 2). 
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type response is the relevant mechanism even at room temperature (or 
in the case of sample #1350 in the Supporting Information, at higher 
temperatures due to its more incomplete surface texture). If the 
desorption rate of decomposed ethanol subproducts or their complete 
decomposition into CO2 and H2O is too slow, compared to the speed at 
which they are produced, surface poisoning takes place, degrading the 
sensing response. This could explain the poisoning effect observed on 
sample #1400 working at high temperature below 200 ◦C, which is the 
normal operation temperature of NiO ethanol sensors. 

The anomalous sensing response of NiO to ethanol has been 
commonly overlooked due to the fact that these sensors usually work at 
higher sensing temperatures, typical of conductometric sensors. Thus, 
this work emphasizes the importance of studying the conductometric 
sensing response of different semiconductor systems also at lower tem-
peratures, even down to room temperature. An important feature of the 
anomalous response, besides its different physicochemical nature, is 
actually its fast response at such low temperatures. Response and re-
covery times are important parameters in the performance of any gas 
sensor. Considering the room temperature operation and ceramic nature 
of the samples, both values are surprisingly low, comparable to other 
reports in the literature measured at high temperature and with opti-
mized sample morphologies, as shown in Table 2. One has to bear in 
mind that high sensing temperatures are usually employed not only to 
improve the sensitivity of the devices, but more importantly to reduce 
their response and recovery times to values actually usable in real ap-
plications. This higher operation temperature requires a constant source 
of heat, which in turn imposes a limit to the minimum power con-
sumption of the device, usually requiring the access to a constant source 
of power supply such as the power grid. Room temperature operation 
might actually overcome this limitation by considerably reducing the 
power consumption, allowing an effective operation on regular batte-
ries. Even though the sensitivity is not very high, the anomalous 
response showed higher sensitivities at room temperature than the 
normal p-type response and should improve significantly by reducing 
the bulk to surface ratio, as usually observed in thin and nanoparticle 
films. 

4. Conclusions 

To summarize, the sensing response of polycrystalline p-type NiO 
samples to ethanol at room temperature has been studied as a function of 
their microstructure and preferential orientation of their exposed sur-
faces. It is found that samples with no texture present a fast anomalous 
resistance decrease when exposed to ethanol, similar to what would be 
expected on n-type materials. Conversely, samples strongly texturized 
along {111} planes show a much slower normal p-type response con-
sisting in a resistance increase after being exposed to ethanol. Both re-
sponses are produced by the competition of two opposing mechanisms, 
which has been attributed to an electron transfer process from the 
sample to the adsorbed ethanol molecule for the anomalous response, 
and to a catalytic decomposition of the ethanol molecule and subsequent 
reaction with adsorbed O species for the normal p-type response. The 
slower catalytic decomposition is enhanced on {111} surfaces and at 
high temperatures, while the faster electron transfer is favored at lower 
temperatures on randomly oriented surfaces. Therefore, NiO gas sensing 
mechanisms can be modulated by selecting different morphologies and/ 
or surface preferential orientations, which can be tuned by selecting the 
appropriate experimental conditions. More importantly, it is shown that 
fast ethanol gas sensing response and recovery times can be achieved at 
room temperature on NiO provided that electron transfer is the domi-
nant sensing mechanism. Similar competing mechanisms are expected 
to be present in other sensor-analyte systems, which opens the door for 
lower power consumption sensor devices operating at room 
temperature. 
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