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A novel strategy for the improvement in the sensing performance of
p-type NiO is developed by employing the unique functional proper-
ties of self-assembled monolayers. Specifically, hole concentration
near the surface of NiO nanowires (NWs) is modulated by terminal
epoxy groups of the organosilane. This modulation leads to the
increase in electron transfer from reducing gases to NWs surface. As
a result, SAM-functionalized sensors showed 9-times higher response
at low-temperature as compared to bare NiO NWs.

The development of high-performance p-type metal oxides
(MOXs) based conductometric chemical sensors is still a huge
challenge due to their unfavorable electrical properties." Specifi-
cally, the chemisorption of oxygen ions on their surface leads to
the formation of a narrow conductive hole-accumulation layer
(HAL)-shell around the highly resistive core (core-shell structure).>
Consequently, the charge carrier (hole in p-type MOXs) transport
occurs within the narrow HAL leading to their highly resistive
behavior." Thus, when p-type metal oxides are used as an active
sensing layer, their response ie. the change in their electric
resistance/conductance, is quite low upon interaction with the gas
analyte." In order to improve their electrical conductivity, conse-
quently to achieve a high response to the particular gas analyte,
generally p-type MOXs are operated at high temperatures
(300-500 °C).*® However, the high-temperature operation leads
to high power consumption hindering the commercialization of
p-type MOX. Thus, achieving high performances for p-type MOX
sensors at temperatures <300 °C remains a huge challenge. In
this regard, researchers working in the field are trying different
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the performance of p-type MOX
sensors.

Herein, we are proposing an alternative novel strategy based on
the surface functionalization of p-type MOX (nickel oxide, NiO) with
self-assembled monolayers (SAMs). SAMs are highly ordered mole-
cular arrangements that form spontaneously on a variety of
surfaces'”> making them useful for various application areas such as
biosensors," gas sensors,'* organic field effect transistors,"” nano-
scale patterning, etc."® Therefore the functionalization with SAMs
can further widen the application of p-type MOX. In fact, SAM
functionalization strategy has never been explored before in p-type
MOX based gas sensors, according to the best of our knowledge. In
this work, NiO NWs were functionalized with organosilane mono-
layer 3-glycidoxypropyltrimethoxysilane (GLYMO or GOPS) and
explored for the detection of reducing gases. Our main goal is to
modulate the surface charge carrier concentration via SAM
terminal-groups for the achievement of optimised sensing perfor-
mances (in terms of higher response at lower temperatures)
towards reducing gases (acetone and ethanol). The experimental
detail of NWs growth, functionaoization, sensor fabrication and
characterization are provided in ESL}

NiO NWs exhibit dense morphology (Fig. S4a and b, ESIY)
with a highly crystalline bunsenite structure (Fig. S4c, ESIT).
Raman spectra of NiO NWs is also presented in ESIf (Fig. S1d).
While the observance of Si 2p peak in functionalized NWs
(absent in bare NWs) confirms their successful surface function-
alization with GOPS (Fig. S5, ESIT). Furthermore, in bare NiO
NWs, the Ni: O ratio was found between 0.6 to 0.7 (deviation
from 1:1 stoichiometry) is attributed to the surface defects in
NWs. While, in GOPS functionalized NWs, the quenching of
Ni signal occurs due to the presence of GOPS monolayer on
NWs surface. In fact, oxygen amounts in functionalized NWs
also include the contribution of GOPS molecular structure
(Table S1, ESIt). Further in-depth analysis reveals that the Ni
2p peak contains five components (Fig. 1a and e), out of which
A belongs to Ni 2p3/2 spin-orbit component (BE: 854.1 eV) and
it has an energy separation of 17.5 eV from the Ni 2p1/2
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Fig. 1 XPS core level spectra of the principal elements. The two columns are referred to the bare NiO and NGP samples, respectively. In each row, a
specific energy region is showed: Ni 2p (a and e), C 1s (b and f), O 1s (c and g), and Si 2p (d and h). Violet markers denote the experimental trace, the red
line is the total fit, and the dashed line represents the background. The Voigt peaks are included under each spectrum, along with their physical
interpretation. The signals found in the Ni 2p region are discussed in the main text.

component (D)."”'® A more detailed analysis of the local,
nonlocal, and charge transfer effects goes beyond the scope
of this work. The O 1s core level spectra (Fig. 1c and g) of
bare NiO NWs contains two components i.e. at BE = 530.1 eV
(Ni-O bonds in bulk structure) and at BE = 532.1 eV (surface
oxygen atoms). While in functionalized samples additional
3rd component at BE = 532.5 eV belongs to C-O bonds of
GOPS is observed. On the hand, the shape of C 1s peak
(Fig. 1b and f) was found to be different from bare NWs due
to higher presence of C-O bond in SAM molecular structure.
In addition to C-C (BE = 284.8 eV), C-O (BE = 286.0 eV) and
C=0 (BE = 288.5 eV),"""® peak belong to Si-C bond at
BE = 283.1 eV is observed in GOPS-functioanlzied NWs.
Finally, Si 2p peak (Fig. 1d and h) is only observed in
functionalized samples that contains two components: at
103.0 eV (Si atoms in GOPS) and at 103.8 eV which attrib-
uted to the formation of silane species with four Si-O
bonds.*°

Furthermore, the gas sensing performances of NGP sensors
were tested towards different gas analytes such as H,, acetone,
ethanol, methane (50 ppm), NO, (5 ppm), NH; (20 ppm) to
investigate the sensors selectivity at 200 °C. The response values
were determined from eqn. (S1) and (S2) (see ESIf). From
Fig. 2a it is clearly observed that the NGP shows higher
selectivity towards acetone and ethanol comparing to other
compounds. Fig. 2(b and c) reports the isothermal dynamic-
transient responses of NiO and NGP NWs toward the different
concentrations of ethanol and acetone (10, 10, 20, 50, and
75 ppm) respectively at 200 °C in dry air. Evidently, for both the
sensors, a decrease in sensor conductance was observed after
the interaction with reducing gases. This confirms the p-type
character of both NiO and NGP sensors.® Specifically, when
p-type MOXs like NiO are exposed to reducing gases, the
donation of electrons from a gas analyte to the semiconductor
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surface leads to electron-hole recombination (holes are the
majority charge carrier in NiO).? This recombination causes a
decrease in the hole concentration, hence decreasing the
sensor conductance. Interestingly, the baseline conductance
of the sensor was found to decrease after the GOPS function-
alization, indicating the modulation in the charge carrier
transport in nanowires. As the major focus of this work was
to improve the sensing response at low temperatures, the
responses of NiO and NGP toward ethanol and acetone were
compared in Fig. 2(d and e) at 200 °C and 150 °C respectively.
Evidently, NGP always exhibit higher responde as compared to
bare NiO NWs at both temperatures. Indeed, for 75 ppm of
ethanol and acetone, the NGP sensor exhibited 8- and 9-time
higher response, respectively, in comparison to bare NiO NWs
at 200 °C (other response values are provided in Table S2, ESIT).
Furthermore, Fig. 2f reports the calibration curves (response vs.
concentration), for NGP (200 °C and 150 °C) and NiO (200 °C).
Considering the minimum response of 1, the detection limit of
NGP was found to be 0.9 and 2 ppm at 200 °C towards ethanol
and acetone respectively. The calculated coefficients and detec-
tion limits obtained from power fitting of curves (Fig. 2f) using
eqn (S3) are provided in Table S3 (ESIf). Furthermore, the
response/recovery times (Fig. S7, ESIt), response under humid-
ity (Fig. S8a), stability (Fig. S8b), comparison with literature
(Section 1.11) of NGP sensors are presented in ESLf

Fig. 2g shows response values for bare NiO NWs: 11.2 and
13.7 at 500 °C towards 75 ppm of ethanol and acetone (dynamic
response in Fig. S6, ESIt), respectively. These values are similar
to the ones of NGP at 200 °C. This suggests that surface
functionalization of NiO with GOPS monolayer not only
enhances the response, but also significantly lowers the work-
ing temperature of the sensors. Hence, surface functionaliza-
tion with SAMs has shown the potential for the development of
high-performance and low-power consuming (operated at lower

This journal is © The Royal Society of Chemistry 2023
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(a) Response (see eqgn (S1) in ESIT) of NGP sensor toward different gas analytes. (b and c) Dynamic response of NiO (red) and NGP (blue) sensors

toward the different concentrations of ethanol and acetone (10, 10, 20, 50, 75 ppm) in dry air at 200 °C. (d and e) Response vs. concentration curves of

bare NiO and NGP at 200 °C and 150 °C toward ethanol and acetone. (f

) Calibration curves of NiO and NGP sensors for ethanol and acetone.

(9) Response vs. concentration graph of NiO sensor toward ethanol and acetone at 500 °C.

temperatures) p-type sensors, not only for the ethanol and
acetone detection, but also for other analytes.

In order to understand the superior sensing performance of
GOPS-functionalized NiO NWs sensor, it is necessary to take
into account the charge carrier transport in bare and function-
alized NiO NWs. It is well known that when MOXs are exposed
to air at a given temperature, the chemisorption of oxygen
species occurs on their surface. In p-type MOXs, this chemi-
sorption causes the extraction of electrons, thus generating
holes inside the semiconductor, which are the majority charge
carriers in p-type semiconductors like NiO."

Indeed, the type of chemisorbed oxygen ions depends upon
the temperature. In fact, at 200 °C, these ions are in the form of
O~ due to the capturing of electrons by O, ions. This phenom-
enon can be expressed by the following equation,’

0, (ads) + e~ < 20 (ads) (1)
Furthermore, as discussed earlier in the introduction, the
extraction of electrons causes the formation of a narrow
HAL (shell) around the resistive core in p-type semiconductors
(see Fig. 3b). Indeed, the majority of charge carrier (hole)
transport is known to occur mainly along or near the narrow
HAL layer." Thus, when bare NiO NWs are exposed to reducing
gases like ethanol or acetone, the transfer of electrons to the
NWs causes electron-hole recombination and reduces the
sensor conductance.® However, the relative change in conduc-
tance, hence the response, is still quite low due to the narrow
width of HAL. That is why the temperature of the NiO NWs
sensor needs to be increased to 500 °C to have a high response
value (Fig. 2g). Specifically, a higher temperature leads to an

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) NiO nanowires in a vacuum. (b) Chemisorption of oxygen ions
(O7) occurs on the surface of NiO NWs which leads to the formation of a
narrow hole accumulation layer (HAL) around the resistive core. (c)
monolayer formation on NWs surface that leads to the accumulation of
holes near the surface due to the presence of negatively-charged epoxy
groups of GOPS. (d) Enhanced interaction with acetone gas that leads to
an increase in the electron-hole recombination as compared to bare NiO
NWs. (e) reduction in hole mobility occurs after the functionalization with
GOPS.

increase in the conductivity of NiO NWs by increasing the hole
concentration. This, again, allows the transfer of more elec-
trons from reducing gases to NiO NWs, hence increasing the
relative change in conductance.

On the other hand, a significant decrease in the baseline
conductance of NiO NWs sensor was observed after the surface
functionalization with the GOPS monolayer. This can be explain
by considering the effect of negatively charged' epoxy-groups of
GOPS monolayer on the surface carrier density of NiO NWs. It was
observed that the presence of negatively charged SAM terminal-
groups tends to accumulate the holes near the surface of p-type
semiconductors (inversely repel electrons).”” In fact, the SAMs
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approach has widely been used to improve the charge carrier
injection at semiconductor/electrode interface of OFET.>* >
Hence, epoxy groups causes the repulsion of electrons away from
the NWs surface (inversely, attracts the holes toward the surface
(Fig. 3c)). Consequently, the hole density is increased near the
surface, ie., in HAL. However, even though hole accumulation
near the surface increases, their mobility within the NWs is
decreased. Specifically, holes are electron vacancies that carry a
positive electric charge. Indeed, hole mobility that occurs in the
material can be seen as a transfer of an electron to this vacant
position (hole) due to attractive force between them. This transfer
of electrons results in the filling of a vacant position but leaves
behind another vacancy from which electrons moved (Fig. 3e
(left)). In this way a hole (vacancy) moves from one position to
another (opposite to the electron movement), leading to the p-type
conductivity in the semiconductor. The presence of negatively
charged monolayer (epoxy groups) on NiO NWs surface pushes
the electrons further away from the nearby hole, thus increasing
their separation (Fig. 3e (right)). Due to this, electrons are
subjected to a weaker attractive force toward the holes than in
bare NiO NWs, causing a decrement in hole mobility. Hence, the
decrease in the conductivity in NiO NWs after GOPS functionali-
zation is attributed to the decrease in hole mobility caused by
negatively charged epoxy groups. Similarly, the accumulation of
holes and decrease in mobility of pentacene (p-type) based OFET
was observed due to the negatively charged amine and fluorinated
terminal-groups of SAM.>

On the other hand, an increase in sensor response after
functionalization is observed due to the accumulation of more
holes near the surface caused by the monolayer. As specified
earlier, the negatively charged epoxy groups of GOPS monolayer
cause the accumulation of more holes near the surface and
withdrawal of electrons. Thus, when GOPS functionalized NWs
are exposed to reducing compounds (acetone and ethanol), a
higher donation of electrons as compared to bare NWs occurs
(Fig. 3d). This enhanced electron donation causes an increase
of electron-hole recombination, leading to a higher relative
change in conductance ie., higher response values for function-
alized NWs. Similarly, an increase in response of APTMS functio-
nalized ZnO NWs (n-type) toward acetone is observed due to
presence of negatively charged (-NH,) groups on the surface that
pushes electron away from the surface."®

In conclusion, NiO nanowires were successfully function-
alized by GOPS monolayer for low-temperature VOCs sensing.
In particular, the functionalized NGP sensors show superior
sensing performance toward ethanol and acetone compared to
the bare NiO sensor when operated at 200 °C. The major reason
behind this improvement was found to be the accumulation of
holes near the surface of NWs caused by negatively charged
epoxy groups of GOPS. This accumulation consequently makes
the NWs surface more favorable for electron acceptance from
the reducing gases, hence improving their sensing response.
Compared to other reported strategies presented in literature
(Table S3, ESIT), the SAM functionalization approach proves to
be superior in improving sensing characteristics.
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