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Interfacing a nanostructured nickel oxide layer
displaying fractal-like features with graphene:
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An interface between graphene and a nanostructured nickel oxide (NiO) layer with fractal-like features was
prepared by spark ablation coupled with impaction printing at 0.2 mbar. The chemiresistive behavior of the

interface was investigated by exposing the surface to ammonia (NH=z) and nitrogen dioxide (NO,). Results

showed that the NiO layer made the overall system more selective towards NHs, indicating that the p-
type character of the graphene layer was strengthened by the oxide deposition, which was consistent
with the results of microRaman spectroscopy. With respect to the pristine graphene layer, the response
to NO, decreased by a factor of approximately 2 over the NO, concentration range from 2 to 6 ppm,

while we observed a 3-fold increase in the response to NHsz over a concentration range of 10 to

40 ppm. The graphene layer covered with NiO, showing the highest response to NHs, was selected to

fabricate a graphene-based field effect transistor to be operated as a gas sensor and to eventually
investigate the effect of NHz on carrier mobility. The NHz sensing based on tracing the Dirac point shift
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was demonstrated. Compared with the resistivity variation measured in the chemiresistive configuration,

when the change in the Dirac point was traced, the calibration curves showed a three-fold increase in

DOI: 10.1039/d5ra06573a
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1 Introduction

Graphene-based field effect transistors (GFETSs) constitute
a unique platform for sensing and, in general, for the investi-
gation of transport properties in two-dimensional (2D) systems.
Functionalization represents one of the key features to steer the
transport properties of graphene (Gr) layers. Functionalization
can be achieved through a manifold of strategies, which include
decoration with metallic or oxide nanoparticles (NPs), molec-
ular layer deposition with covalent (e.g. grafting) or van der
Waals (e.g., phthalocyanine) interactions, and fabrication of
heterostructure systems.'” In the field of gas sensing, func-
tionalization is aimed at increasing the sensitivity and/or the
selectivity of sensing devices.®*® Chemiresistors and GFETs
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the sensitivity towards NHsz. These findings further show the enhancement of the sensing properties of
graphene due to the incorporation of nanostructured, fractal-like NiO layer.

represent the most used sensing transduction devices based on
the transport properties of graphene layers. The usual GFET-
based gas sensing mechanism relies on the high sensitivity of
graphene to the presence of gas molecules, which affects the
conductivity of graphene-based transistor channels."? As
such, GFET-based gas sensors offer real-time monitoring of gas
concentrations and are suitable for various applications,
including environmental monitoring, industrial safety, and
healthcare.”® GFET-based gas sensors offer several advantages,
including exceptional sensitivity—potentially down to the
single-molecule level>—fast response of the sensing layer,>
and strong potential for miniaturization, which make them well
suited for portable and wearable gas sensors. Graphene-based
chemiresistors can be regarded as GFETs in which the gate
voltage has been set to zero. When a gate voltage is applied, it is
possible to track the source-drain current and therefore explore
the sensor response as a function of gas exposure conditions.
The transition point where the majority charge carriers shift
from holes to electrons is known as the charge neutrality point,
often referred to as the Dirac point. It occurs when the electron
and hole densities are nearly equal, and the graphene conduc-
tance reaches its minimum.* Furthermore, by tuning the gate
voltage, as it usually occurs in GFETSs, further doping of the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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graphene channel can be realized to enhance the selectivity
towards specific target gas molecules.

In this study, a novel interface between graphene and
a nanostructured, fractal-like, nickel oxide (NiO) layer was
prepared, adopting a fully dry printing process based on spark
ablation under ambient conditions. The spark ablation tech-
nique is a clean and versatile method for producing highly pure
NPs in an aerosol originating from bulk conductive or properly
doped semiconductive electrodes.”® The aerosol containing the
NPs can be deposited by inertial impaction on any substrate,
accelerating the aerosol through a nozzle by means of a pres-
sure difference between the spark ablation generator and
chamber at a low pressure where the target substrate is located.
Single-step and highly precise printing is enabled by moving the
stage and the monolithically attached target substrate in the
XYZ direction. As such, the spark ablation approach coupled
with a single-step dry printing system enables to deposit the
sensing layer at the very last step of the sensor's fabrication
process,”” avoiding (1) any lithographic and etching steps for
structuring the gas sensitive nanomaterials, (2) interferences
with other contaminants, such as photoresist, and (3) the
exposure of the sensing layers to post-treatments, such as
etching or curing.

The use of nanostructured metal oxides (MOx), including NiO,
in combination with graphene or reduced-graphene oxide (r-GO)
is well known in the case of blends at the nanoscale or in the
case of r-GO decoration with nanoparticles.”®* However, the use
of MOx layers grown on top of graphene for gas sensing is far less
explored.*>** On the other hand, NiO is itself used as a nano-
structured MOx for gas sensing applications.*** Therefore, the
combination of a nanostructured NiO layer on top of the Gr layer
provides a unique opportunity to explore the capability of the NiO
layer to boost the sensing properties of graphene, providing, in
principle, a pathway to steer the selectivity.

Most of the literature so far**** deals with rGO-NiO nano-
particle composites. With spark ablation, we do not produce
composites but NiO/Gr heterostructures, namely a NiO layer on
top of a single, cm-sized, graphene layer. This leads to better
control at the interface between NiO and Gr, which is extended
over all the graphene surface, rather than being a random
arrangement of Gr flakes intermixed or decorated with NiO
nanostructures. We believe that our choice provides a clear 2D
architecture with the stacking of the two layers, which is
particularly suitable for the GFET driving of the sensing
capabilities.

Moreover, we utilized a nanostructured NiO layer because its
porous, fractal-like structure offers a large surface-to-volume
ratio, enhancing sensing performance. This layer covers the
graphene without blocking gas access to the interface, enabling
the graphene to act also as an efficient transport layer for the
signal.

The present sensing devices are investigated by exposing
them to both ammonia (NH;) and nitrogen oxide (NO,). These
two analytes are often considered as test gases for novel carbon-
based sensing systems because they are expected to provide
opposite effects on the chemiresistive properties, i.e., NO, and
NH; are considered oxidizing and reducing gases, respectively."

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In particular, in the present study, we consider NH; sensing
using both chemiresistive and GFET readout configurations.
We focus on NH; as it is a target gas of relevance for several
applications in the sensing field, such as environmental
control, healthcare, and food and beverage quality
assessment.*>™’

The results show that the NiO coverage makes the transducer
more selective to NH;, indicating that the p-type character of the
layer is strengthened by the oxide deposition. This is consistent
with the results of the microRaman spectroscopy characteriza-
tion of the sensing layers. With the sample that displayed the
highest response to NH;, a GFET was prepared in order to
investigate the effect of NH; on carrier mobility. NH; sensing
based on the tracking of the Dirac point shift in the GFET is
demonstrated, which appears as an effective way to further
increase the sensitivity to a specific analyte with respect to the
simple chemiresistive readout.

2 Experimental
2.1 Graphene layer and deposition of NiO NPs

Graphene layers were purchased from Graphenea. Each sample
consisted of a stack of p-type silicon/silicon nitride (Si;N,) as
a dielectric/graphene layer. The stacking of layers is shown in
Fig. 1a and b.

A spark-ablation-coupled printing-impaction system was
used to decorate the graphene layers with Ni NPs. The deposi-
tion was performed using a VSP-P1 nanoprinter (VSParticle B.V,
Fig. 1c and d). The nanoprinter contained a VSP-G1 (VSParticle
B.V) NP generator equipped with two Ni electrodes having high
purity (99.9%). Applying a potential of 1 kv and a current of 5
mA between the two electrodes facing each other, sparks were
generated under ambient conditions. Argon was used as
a carrier gas with a flow rate of 1 L min~" during the spark
ablation process. The generated aerosol containing NPs was
flown towards the nanoprinter. The samples were placed into
a chamber kept at RT and 0.15-0.20 mbar. The pressure
difference between the NP generator and the chamber resulted
in the jet impaction of the NP aerosol onto the graphene
surface. A programmable serpentine pattern was designed with
variable pitches and printing speed in view of having different
coverage of the graphene layers. The printing was enabled by
moving the stage in XY directions while keeping the nozzle-to-
substrate distance equal to 200 pm. The printing speed
ranged from 200 um s~ " to 500 um s, as reported in Table 1.
Based on the nanoprinter calibration carried out with the
parameters specified above and on the pitch size, the thickness
for the printed layers ranges from 0.80 pm to 1.92 pm, as
detailed in Table 1.

2.2 Characterization techniques

2.2.1 Surface imaging and microRaman spectroscopy.
Field-emission scanning electron microscopy (FE-SEM) images
were acquired with Hitachi Regulus 8230, with an accelerating
voltage of 3 kV, using the upper detector. Optical images were
collected with the Leica optical microscope of the microRaman
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Fig.1 Schematic of the electrical wiring used for the chemiresistor (a) and GFET (b) measurements. Overall view of the NP deposition system (c).
Deposition raster scheme, printing stage inside the vacuum-tight deposition chamber, and optical microscopic images (d). SEM planar-view
images of the NiO/graphene surface collected at 50 000x (e) and 300 000x (f).

Table 1 Samples covered with Ni NPs and corresponding deposition parameters

Sample Print speed (um s™) Area (um?) Pitch (um) Estimated thickness (um) Substrate

Pristine graphene — 8000 x 8000 — — Si;N,

S1 400 8000 x 8000 300 0.80 Graphene on Si;N,
S2 300 8000 x 8000 300 1.07 Graphene on SizN,
S3 200 8000 x 8000 300 1.60 Graphene on Si;N,
S4 500 8000 x 8000 50 1.92 Graphene on Siz;N,

spectrometer. Raman spectra were collected with a Renishaw
microRaman spectrometer equipped with an 1800 L mm*
grating and a He-Ne laser, with a power equal to 5 mW at the
sample. The laser beam was focused with a 100x microscope
objective.

2.2.2  XPS spectroscopy. X-ray photo-electron spectroscopy
(XPS) data were collected under ultra-high vacuum conditions
(base pressure = 3 x 10 '° mbar) with a properly calibrated™
Scienta R3000 electron analyzer and the Al Ka line of a twin
anode X-ray source. The overall energy resolution of the XPS
probe was set at 0.9 eV.

2.2.3 GFET and chemiresistor measurements. Chemir-
esistive measurements were carried out by collecting dynamical
response curves during repeated exposures to NH; in ambient
air with 50% relative humidity (R.H.) and NO, in a sealed
chamber with R.H. = 4%. The chemiresistor wiring scheme is
sketched in Fig. 1a. The samples were mounted on a custom-
made printed circuit board. The gate contact (G) is under-
neath the silicon substrate. The source (S) and drain (D)
contacts are made of silver paint, and two metal pins are placed
on top of them to anchor the sample and grant stable contacts.

22490 | RSC Adv, 2026, 16, 22488-22497

For chemiresistive measurements, only the S and D contacts
were used. In this case, a 5V fixed voltage between S and ground
was applied, and a load resistance R;, was added to limit the
current through the S-D channel and avoid overheating. The
resistance change upon gas exposure (Rsensor) Was evaluated
through a measure of the voltage drop across the S-D channel,
according to the following equation:

Rsensor = VSD X RL/(S - VSD)

Data were collected with a NI board controlled through
LabView. For the GFET measurements (Fig. 1b), a Keithley
nanoamperometer (model 2634B) was used. The control of the
device and the automated data acquisition were enabled using
a Python script developed for this purpose using the PyLab
library. A voltage drop between the source and drain terminals
was maintained at a constant value of 1.1 V. Meanwhile, the gate
voltage was systematically varied from 0 V to 60 V with steps of
1V. At each step of the gate voltage, the current passing through
the source-drain terminals was averaged over a duration of 0.5
seconds, with a sampling rate of 200 Hz.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3 Results and discussion
3.1 Surface imaging

Optical and SEM microscopy imaging was carried out to char-
acterize the morphology of the samples at different scale
lengths. Fig. 1d shows the scheme of the sample preparation,
along with the deposition equipment and the optical images of
the deposition paths. Additional optical images of the four
samples are shown and analysed in Fig. S1 and S2 (top panel) of
the SI file, while the typical cross-sectional view of single printed
lines is shown in the bottom panel of Fig. S2.

The deposition of the nanostructured layers could be tuned
by steering the deposition parameter set, which included NP
flux, nozzle-to-sample distance, linear speed of the nozzle, and
pitch, which is the distance between two subsequent printed
lines. In the dataset of the samples investigated here, the
nozzle-to-surface distance and the NP flux were constant, while
both speed and pitch were changed as detailed in Table 1. Based
on the analysis of the optical images (Fig. S1), we could
conclude that the most uniformly covered surface was that of
sample S4. The amount of NP increased from sample S1 to S3.
Samples S1 and S2 showed tiny NP tracks separated by 300 um
(dark lines in Fig. S1), while, as the nozzle speed was decreased,
the side regions of NP appeared along the tracks (Fig. S1 and
S2). These regions became visible in sample S3, though they still
were too separated from one another to provide the full
coverage of the surface, which was achieved in sample S4 by
reducing the pitch from 300 um to 50 pm. In this sample, the
thickness of a single line was the smallest in the dataset, due to
the highest printing speed (500 um s~ '), but the overlap among
neighbouring lines made the overall thickness the largest in the
set.

Representative SEM images of the NP layer are shown in
Fig. 1e and f. A large part of the surface of the sample was
covered by a layer that appeared highly porous, with irregular
patterns. Many fractal materials (e.g. aerogels, carbon nano-
materials, some oxides, soot, and biological structures) exhibit
these porous sponge-like networks. For this reason, we looked
for possible fractal-like properties in our samples. Indeed, as
detailed in the SI file, a fractal dimension analysis was carried
out on 8 different FE-SEM images collected at different
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magnifications (25k, 50k, 150k, 300k) from two different points
of the surface (Fig. S6 of the SI file).

For the estimation of self-similarity properties, the box-
counting fractal dimension, the mean lacunarity, the mean
perimeter-area exponent, and the power spectral density anal-
ysis methods were considered.

The box-counting method overlays grids of varying sizes (¢)
on a 2D image and counts the boxes containing part of the
structure. The number of boxes N(¢) was evaluated for
progressively small box sizes.

From the slope of the linear region in the plot of log N(e) vs.
log(1/e), the fractal dimension obtained as:
D= }Lmolog N(e)/log(1/¢). Power spectral density analysis was
used to reveal self-similar properties in the frequency domain.
Starting from each FE-SEM image, the Fourier transform was
computed, and the squared magnitude provided the power at
each frequency (f). The plot of log P(f) vs. logf was obtained,
where the slope of the linear region indicated the scaling
behavior, i.e. P(f) « f*. Lacunarity analysis was performed by
overlaying the image (binary or grayscale) with a sliding box of
size r and counting the number of foreground pixels in each
box. The lacunarity (A(r)) was calculated as A(r) = variance(r)/
[mean(r)]* + 1. The slope of the log A(r) vs. log r plot was eval-
uated by fitting the curve in a log-log scale. A negative slope
indicated decreasing lacunarity with scale, which was consis-
tent with self-similarity. The mean perimeter-area analysis is
based on identifying shapes with perimeter P and area A in the
FE-SEM images. While in Euclidean geometry (e.g. squares) P
scales as AY2, for irregular or fractal-like shapes, the perimeter
increases faster with area, following P o« A”2 with D > 1. The
value of D was obtained from the slope of the log-log plot of Pvs.
A. The results from box-counting and lacunarity are reported in
Fig. 2a and b. The complete analysis is reported in the SI file.

Based on all these steps, the fractal analysis indicated that
the average fractal dimension obtained via box-counting was D
= 2.01. Furthermore, the mean lacunarity slope was —0.52,
indicating a non-random and heterogeneous distribution of
voids. The mean perimeter-area exponent, D = 1.18, reflected
the presence of highly irregular and complex boundaries.
Finally, the spectral exponent (8 = 3.24) estimated through the
power spectral density analysis corresponded to a Fourier

was

Lacunarity: slope = -0.60 (R?2=0.921)
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Fig. 2 Box-counting (a) and lacunarity (b) plots obtained from the analysis of the SEM images.
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fractal dimension (D(gourier) = 2.62). Taken together, these four
independent analyses converged to support the presence of
robust fractal characteristics across the 15-500 nm spatial scale.

3.2 XPS spectroscopy

XPS spectroscopy measurements were carried out to investigate
the oxidation of the Ni NP layer, as well as to determine changes
in the C chemical environment upon the deposition of the NiO
overlayer. Core-level Ni 2p XPS data are shown in Fig. 3a. For all
samples, Ni turned out to be oxidized to NiO, in agreement with
the reference literature®>* and recent results on nano-
structured NiO.*”*' Indeed, the binding energy (BE) and the
charge-transfer satellite structure in both Ni 2p;/, (A, B features)
and Ni 2p,, (C and D features) spin-orbit split components are
quite similar to those observed in high-quality NiO single-
crystals, taken as a reference. Metallic nickel is known to yield
a main line at a binding energy of 2.0 eV below the main line of
NiO (as reviewed and discussed in ref. 43) and should be visible.
This feature was not present in any of our samples. Therefore we
rule out the presence of metallic nickel contribution within the
sensitivity of the experimental probe, which can be defined as
better than 1% atomic on the basis of the instrumental reso-
lution and quality of the XPS data. Core level C 1s XPS spectra
are shown in Fig. 3b. All spectra displayed a broad and asym-
metric C 1s peak that, in general, can account for different
contributions from graphitic C sp?>, C sp® and additional
defective carbon, as well as oxygen-related contributions at high
BEs (C-OH/C-O-C at BE = 286 eV and COOH/COO-R at BE =
288.5 eV).* These oxygen-related contributions at high BEs were
tentatively ascribed to physisorbed species due to air exposure
and oxygen trapped between the graphene layer and the insu-
lating Si3N, layer during the transfer of graphene. When the
samples were annealed under ultra-high vacuum conditions,
the intensity of these broad peaks was reduced significantly,
which was consistent with their main origin as adventitious
species adsorbed on the surface.

Finally, the two kinds of possible defects were considered,
namely sp® carbon at BE = 285.4 eV (ref. 55) and defective
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Fig. 3 (a) Ni 2p and (b) C 1s XPS spectra of pristine graphene and the
four NiO-GR sensing layers.

22492 | RSC Adv, 2026, 16, 22488-22497

View Article Online

Paper

carbon at BE = 283.5 eV.*® The broad structure of the C 1s peak
did not allow for an unambiguous detection of the sp-related
peak. In turn, a comparison between the C 1s peaks measured
on pristine graphene and on the S3 sample, which was the best
performing layer in terms of chemiresistive sensing (see para-
graph 3.4), displayed an evident asymmetry on the low-BE side
(marked with a vertical arrow in Fig. 3b). This feature could be
ascribed, following Blume et al.,* to defects in carbon similar to
those produced by surface sputtering, and therefore, it is more
likely related to carbon vacancies in the Gr lattice.

The detailed fitting of the C 1s XPS spectra is shown in the SI
file, where the pristine graphene layer, a vacuum-annealed
pristine graphene layer and the S3 layer are considered. The
spectral features are labelled according to the review analysis
found in ref. 54 and 56.

3.3 Raman spectroscopy

The microRaman mapping of the different samples was carried
out in order to (i) check the sample homogeneity—with a lateral
resolution of about 1 pm, provided by the microscope objective
coupled to the Raman spectrometer—and (ii) discuss the
doping effects. The full-range Raman spectra are shown in
Fig. S8 of the SI, where the presence of possible impurities is
also discussed in connection with interference effects arising at
the Si;N, buffer layer sandwiched between the silicon substrate
and the top-most graphene layer (Fig. S9 and S10 of the SI and
related discussion).

In the present study, the doping of the sensing layers had
a three-fold origin. First of all, the doping resulted from the
exposure of the sensing layer to the lab environment. Interac-
tion with moisture in the air is known to induce a p-type doping
in graphene.”” Another source of possible doping arises when
the NiO-Gr interface is created. Finally, doping can be induced
by gas adsorption. The first two stages were probed by the
analysis of the microRaman spectra collected in ambient air.
The temporary doping arising from the gas exposure was then
determined by the nature of the adsorbing analytes, either NO,
or NH;, which are known to be electron acceptors or donors,
respectively.”

Fig. 4a shows the Raman spectra collected from the 5
samples in the 1550-2750 cm ™' wavenumber range, which
includes both the G and 2D bands of graphene. In order to
evaluate the intensities and wavenumbers for these two bands,
we carried out a mapping of sample surfaces, and for each
sample, we considered the average of 40 points collected on
a square grid, defined to span a few mm?®. With this method, for
each sample, the I,p/I; intensity ratio was also calculated, and
the results are shown in Fig. 4b.

The I,p/I intensity ratio decreased moving from the pristine
sample to those featuring the NiO-Gr interface (Fig. 4b). This
was assumed as an indicator of the doping level in the graphene
layer.*® Indeed, the value of the ratio I,p/Ig was larger than 3 for
the pristine samples, while it was reduced to a value between 1.2
and 2.5 in the samples with the NiO overlayer. It must also be
pointed out that, looking at the I,p/Ig ratio alone, it was not
possible to establish whether its shift was due to electron or

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Representative Raman spectra of the five samples. Gr =
pristine graphene. (b) I,p/ls intensity ratio in pristine graphene (Gr) and
in samples with nickel NP deposition (S1-54). (c) Wavenumber (cm™?)
of the G and 2D bands in pristine graphene and in samples with nickel
NP deposition.

hole doping, since the behaviour of the ratio was symmetric (it
decreased when doping increased, no matter if it was an n-type
or p-type doping). Thus, to assess that, we took into account the
position of the 2D band, as suggested in ref. 58, which showed
that an increase in p-type doping level caused the 2D band to
shift to relatively high frequencies, while an increase in the n-
type doping level eventually resulted in a 2D-band shift to
relatively low frequencies. Based on the present data for the 2D
band position (Fig. 4c), we could conclude that the deposition of
NiO NPs induced a p-type doping of the graphene layer.

Once the p-type nature of doping was established, by
considering the results presented by Das et al*® on electro-
chemically doped graphene, the I,p/I ratio values presented in
Fig. 4b could be compared to those shown in ref. 58 for the hole-
branch (Fig. 4 of ref. 58). From this comparison, we could
estimate that our S3 layer displayed a hole-doping level of about
2.2 x 10" em™2, while all the other samples looked slightly p-
doped, with hole concentrations ranging from 0.0 to 0.4 X
10" em ™2,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3.4 Chemiresistive behavior

A selected example of a dynamical response for sample S3 and
the calibration curves for the five sensing layers are shown in
Fig. 5 for both NH; (Fig. 5a) and NO, (Fig. 5¢) gas exposures. For
each target gas, three exposures were presented at variable
concentrations, ie. 17.8, 11.0, and 0.6 ppm for NH; and 2.25,
3.0, and 3.5 ppm for NO,. In all cases, the exposure time was 300
seconds, and a time of about two hours was left for recovery to
the baseline resistance (R,). As could be observed, exposure to
NO, afforded a decrease in the resistance (Fig. 5¢), while expo-
sure to ammonia (Fig. 5a) afforded an increase in resistance.
This is the expected behavior of a p-type graphene layer. In the
case of NO,, the calibration curves (Fig. 5d) showed that the
NiO-graphene interfaces had a relatively low sensitivity with
respect to the pristine layer, while an increase in sensitivity was
registered for sample S3 upon exposure to NH; (Fig. 5b). Both
findings indicated that, at least for the S3 sample, the nano-
structured NiO layer made the overall sensing layer more
selective to NHj; by increasing the response to NH; and
decreasing the response to NO,. Sample S4 did not show
appreciable resistance changes during NO, exposure. All cali-
bration curves were fit with a Freundlich isotherm, which is
usually considered as isotherm for these
chemiresistors.*

These isotherms appear as dashed lines in Fig. 5b and d. The
parameters resulting from the fit are reported in Table S1. The
simultaneous behavior of the five sensing layers upon NH;
exposure is shown in Fig. S3.

In principle, sensing measurements can be affected by
batch-to-batch variations and surface stability. In our case,
batch-to-batch variation was primarily determined by the
features of the pristine layer, since we noted changes in the

a reference

graphene layer features depending on the production batch, as
detailed in Fig. S4. To overcome this issue, we prepared our
sensing layers by using samples from the same production

635 T

(a) Sample S3; NHi3 618.4F(c) Sample 53; NOy | 3

630} | i ¥
625F '\1\ ]
620 \\ | J\\<

615
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Fig. 5 Chemiresistive dynamical response of the S3 sensor to (a) NHz
(17.8,11.0, and 0.6 ppm) and (c) NO, (2.25, 3.0, and 3.5 ppm) as target
gas molecules. Relative change (AR/R) in resistance after exposures
to NHsz (b) and NO, (d) and vs. analyte concentration. Dashed lines:
data fitting with the Freundlich isotherms.
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batch, avoiding the use of samples purchased at different times.
Focusing on the S3 and pristine layers, the data collected about
9 months later (Fig. S5 of the SI) showed that sample S3 still
behaved better than the pristine one under NH; exposure and
worse under NO, exposure, confirming the stability of the
surface reactivity across time.

It is interesting to point out that the latest measurements,
aimed to probe the stability over time, were both carried out in
a sealed chamber with a low R.H. content (4%), while those
reported in Fig. 5 were carried out in the lab atmosphere at R.H.
= 50% for NH; and in a sealed chamber at R.H. = 4% for NO,.
As water is recognized as a p-dopant in single layer graphene,®
the measurements at high R.H. increase p-doping of graphene
and therefore the reactivity towards NH;, consistently with the
data reported in Table S2, where response to NH; is found to
increase with R.H. On the other hand, relatively high R.H.
values are representative of ordinary ambient conditions typical
of gas sensing environments (for both indoor and outdoor
monitoring), suggesting that the present sensing layers can be
used in real operating conditions, provided that R.H. is
constantly monitored.

As previously discussed, the analysis of the surface
morphology showed that the highest amount of NPs was ex-
pected for sample S4. The fact that S4 behaved less efficiently
with respect to S3 as a chemiresistor could be explained by the
assumption that S4 was too thick for an efficient transport of
charges from the sensing layer surface to the underneath gra-
phene layer, which also acted as the transport layer.

Comparison with the sensing data and performances of
systems based on Gr-NiO sensing layers**** is not straightfor-
ward. In fact, most of them deal with rGO, usually presenting
composites or systems where NiO NPs decorate graphene rather
than being used to produce a heterojunction. Furthermore, only
a few of them test sensing layers against both NH; and NO,, and
most of the tests are for NO,. Among all papers, only ref. 31 and
41 can be referenced for benchmarking with our results. The
sensitivity to NHj; in ref. 31 outperforms our results when NiO is
used to functionalize graphene. The implementation of GFET,
as in the present study, could provide further advancement in
sensitivity and selectivity. Ref. 41 describes a layer-stacking
scheme very similar to the one we propose. NiO was deposited
by MBE on high quality Gr grown on SiC. Sensitivity to NO,
seems to decrease with NiO, as in our case, but measurements
for NH; are missing, and selectivity cannot be probed at this
stage.

3.5 GFET characterization

GFET measurements were carried out at several NH; concen-
trations, such as 0, 13, 27, 32, 38, and 71 ppm. After stabilizing
each NH; concentration in the exposure chamber, a quick (10 s)
Ins vs. Veare scan (hereinafter reported as I-V characteristic) was
carried out (Fig. 6a). It could be noticed that the Dirac point
upshifted while increasing the NH; concentration. Based on
these measurements, a calibration curve was extracted (Fig. 6b)
considering the shift of the Dirac point induced by the inter-
action with NH; (Vgare) With respect to the gate voltage of the
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Fig. 6 (a) Example of GFET measurements carried out using the

sample S3 as the sensing device. For each concentration, several [-V
cycles were collected and averaged in order to track the shift in the
Dirac point upon changes in the NHz concentration. (b) Calibration
curves obtained from the GFET measurements carried out using the
sample S3 as the sensing device. Zero reference is the measure in
ambient air without NHs. The purple diamonds and the blue circles
show the calibration curves obtained from the GFET and chemir-
esistor, respectively.

Dirac point measured in the absence of gas (Vgare,0). With these
data, the response, R, is defined as R = AVgate/Vgate,0, With AVgate
sate — Vgate,0- The data showed a trend similar to that
observed using the devices as chemiresistors. However, the
response (R) (AVgate/Vgate,0) for NH; above 20 ppm was much
larger than the response obtained in the chemiresistive readout
(AR/Ry). This conclusion proves that the GFET readout scheme
can be more effective than the simple chemiresistor readout in
the detection of NH;.

When plotted for a large voltage range, the I-V characteris-
tics appeared to be strongly asymmetric for positive and nega-
tive bias, as shown in Fig. 7. The observed asymmetry in the I-V
characteristics of the GFET could be attributed to charge
impurity scattering, which induced electron-hole mobility
asymmetry in graphene. As demonstrated in previous studies,
charged impurities near the graphene channel create spatial
fluctuations in the electrostatic potential, leading to localized
electron and hole domains and modifying carrier transport

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Linear fitting of the /-V curves, obtained from the sample S3
upon NHsz exposure, for carrier mobility estimations. Hole (a) and
electron (b) branch fitting. The voltage ranges considered for linear
interpolation are highlighted as shaded windows. Curves have been
aligned to V = 0 by considering, for each curve, the Vgate—Vpirac point Of
the original curves and stacked on the vertical axis to better display
details of the linear fitting.

properties.** Additionally, the presence of short-range scat-
tering centers can further influence the transport asymmetry,
particularly in regions of high carrier density.* These effects are
more pronounced in functionalized or surface-modified gra-
phene, where doping-induced charge inhomogeneities affect
the shift in the Dirac point and lead to an imbalance between
electron and hole conduction.

Finally, the mobility of carriers was determined from the I-V
curves, with the aim of tracking a possible dependence of
mobility on the interaction of NH; with the sensing layer.
Therefore, both branches of the I-V curve were fitted with a line
in the —20-0 V window, highlighted in pink in Fig. 7a, and in
the 0-5 V window (light blue region in Fig. 7b) after all I-V
curves were shifted by setting the Dirac point at 0 V. Following
ref. 61-63, from the fitting of the linear part of the I-V curves,
the hole mobility (un), as shown in Fig. 7a, was extracted from
the slope, a, according to the following formula:

a = —VspunCror,

where Vgp is the source-drain voltage, and Cror is the total
capacity of the device, which is mainly determined by the
capacitance of the dielectric layer and by the quantum capaci-
tance of graphene. Further, a is the slope of the fitting lines of
the hole (electron) branches of the I-V curve.® Similarly, the
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electron mobility, u., was extracted from the fitting of the
electron branch curves (Fig. 7b), on the basis of the relationship
a = VpspeCror between the slope («) and the electron mobility
(1e)-

The hole and electron mobility values vs. the NH; concen-
tration are shown in Fig. 8. We registered a decrease in the
electron mobility with the NH; concentration from about 3500
em® V' s to 2600 cm® V! s7% In turn, the hole mobility
fluctuated around 1800 cm? V™! s, as the NH; concentration
increased from 0 to 71 ppm.

The mobility trends can be linked to charge impurity scat-
tering effects.®® The asymmetry in electron and hole mobilities
was indicative of the influence of donor and acceptor impuri-
ties, which affected carrier transport differently due to their
attraction-repulsion asymmetry in scattering cross-sections.
The reduction of u. with increasing NH; concentration sug-
gested that Coulomb scattering dominated the transport prop-
erties, with mobility scaling inversely with impurity density.
This behavior was consistent with prior theoretical predictions
describing that charge inhomogeneities strongly impacted
carrier mobility in graphene-based devices.*

4 Conclusions

An interface between graphene and a nanostructured, fractal-
like NiO layer was prepared by a dry printing process based
on spark ablation. XPS data indicated that NiO NPs resulted
from the full oxidation of Ni when these NPs stuck onto the
graphene layer. Consistent with the Raman data, transport
measurements (chemiresistor and GFET) indicated that the
effect of the nanostructured NiO layer was to strengthen the p-
type character on the best-performing sensing layer, thereby
increasing the selectivity towards NH; detection. With respect
to the pristine graphene layer, the response to NO, decreased by
a factor of approximately 2 over the NO, concentration range
from 2 to 6 ppm, while we registered a 3-fold increase in the
response to NH; over a concentration range of 10-40 ppm.
Finally, the GFET architecture further increased the sensitivity
to NH; with respect to the chemiresistive readout of about 3
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times, thereby providing a strategy that could be generalized to
improve the selectivity to specific analytes by switching from
a simple chemiresistor to a GFET readout scheme.
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