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Electronic noses (e-noses) have received considerable interest in the past decade as they can match the
emerging needs of modern society such as environmental monitoring, health screening, and food quality
tracking. For practical applications of e-noses, it is necessary to collect large amounts of data from an
array of sensing devices that can detect interactions with molecules reliably and analyze them via pattern
recognition. The use of graphene (Gr)-based arrays of chemiresistors in e-noses is still virtually missing,
though recent reports on Gr-based chemiresistors have disclosed high sensing performances upon
functionalization of the pristine layer, opening up the possibility of being implemented into e-noses. In
this work, with the aim of creating a robust and chemically stable interface that combines the chemical
properties of metal phthalocyanines (M-Pc, M = Fe, Co, Ni, Zn) with the superior transport properties of
Gr, an array of Gr-based chemiresistor sensors functionalized with drop-cast M-Pc thin layers has been
developed. The sensing capability of the array was tested towards biomarkers for breathomics
application, with a focus on ammonia (NHz). Exposure to NHsz has been carried out drawing the
calibration curve and estimating the detection limit for all the sensors. The discrimination capability of
the array has then been tested, carrying out exposure to several gases (hydrogen sulfide, acetone,
ethanol, 2-propanol, water vapour and benzene) and analysing the data through principal component
analysis (PCA). The PCA pattern recognition results show that the developed e-nose is able to
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Introduction

Gas sensor development has been attracting the interest of the
research community for many years, boosted by market demands.
Only recently have electronic noses (e-noses) appeared on the
market, due to their potentially wide range of applications* and to
the need for overcoming the limits of single sensor development,
improving the device selectivity towards specific target gas mole-
cules. Furthermore, with respect to a single sensor, an e-nose is
a more suitable choice whenever the data analysis requires
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discriminate all the tested gases through the synergic contribution of all sensors.

a technology able to classify a sample according to pre-determined
criteria, rather than providing information about some specific
components.” Finally, the use of machine learning algorithms is
providing reliable solutions and alternative routes for the analysis
and the classification of data obtained from e-noses.* In this
perspective, e-noses are mainly exploited for food and beverage
quality tracking (e.g: classification of fresh vs. adulterated food,
product origin and quality tracking),*® environmental moni-
toring,** and breathomics (e.g., classification of sick patients vs.
healthy subjects for specific pathologies).”*>

In particular, breathomics, or breath analysis, holds great
promise to deliver rapid, non-invasive and low-cost diagnosis of
diseases, playing a major role in screening campaigns for those
pathologies where an early diagnosis is crucial for the success of
the treatment, such as lung cancer. Breath analysis is based on
the fact that the quantity and the quality of the volatile organic
compounds (VOCs) present in the exhaled breath of healthy
patients are different from those found in the exhaled breath of
sick patients and that each pathology is related to the presence
of specific gas molecules (i.e. the biomarkers) in a fixed
quantity.*>"*
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Currently, commercially available e-noses are mainly based
on conducting polymers or metal oxide sensing devices that still
present several drawbacks, including a high operation temper-
ature and therefore a high-power consumption, and poor
stability."** Therefore, researcher started to look into new
materials to develop e-noses, including sensing layers based on
nanostructured carbon, such as carbon nanotubes (CNT), gra-
phene (Gr), graphene oxide (GO), and reduced graphene oxide
(rGO). CNTs have already been tested in e-noses, disclosing
their potentialities for breathomics,'***** and for food/beverage
quality tracking.?>*' On the other hand, studies of e-noses based
on a set of graphene layers are virtually missing.

Early claims of the sensing capabilities of Gr layers have been
reported,® but over the years they have been replaced by the use
of GO, rGO, and related nanocomposites.”*** Starting from GO,
partial removal of oxygen groups, leading to rGO, can be ach-
ieved by chemical, thermal, or ultraviolet-assisted process,
resulting in gas sensing performance comparable or superior to
that of pristine graphene, as the oxygen-related defects behave
as chemically active sites. However, GO-based sensing layers
present some drawbacks in terms of sample reproducibility due
to the poor control on surface functionalization.?***

In turn, Gr layers allow for a precise determination, and
therefore control of the electronic properties. For instance, Gr
band structure mapping enabled by angle-resolved photoemis-
sion spectroscopy (ARPES) provides unambiguous evidence of
the extent and character (i.e. p-type or n-type) of doping,
determined either by the interaction with the substrate or by the
functionalization, and of the integrity of the electronic structure
when exposed to molecules present in the ambient air, such as
oxygen and nitrogen.>**

In this perspective Gr represents a more reliable layer to
develop sensing platforms, provided that proper and effective
functionalization strategies are introduced to enhance Gr
sensing properties. In particular, recent studies have demon-
strated the possibility to develop highly sensitive Gr layers upon
functionalization,*®** disclosing important progress in the field
of specific molecule sensing in the gas phase that, in turn, can
be considered as a promising starting point for the develop-
ment of graphene-based e-noses. So far only few Gr-based e-
noses driven in a FET configuration have been reported,**-*
which requires micro-electronic grade preparation of the
device, or e-noses based on capacitors.*® In turn, Gr-based e-
noses in a chemiresistive configuration can be assembled
following facile preparation routes, but they are still missing.

In the present work, a set of graphene layers on silicon
nitride insulating substrates has been functionalized with
metal phthalocyanines (M-Pc), with the aim to create a robust
and chemically stable interface that combines the chemical (i.e.
chemosensing) properties of M-Pc with the superior transport
properties of Gr for the development of Gr-based
chemiresistors.

M-Pc layers are already used for gas sensing and Cu- and Co-
Pc, followed by Zn-, Ni- and Fe-Pc, are the most exploited M-Pc
for gas sensing application.*”** On the other hand, tentative
functionalization of graphene-based layers with phthalocya-
nines has been recently reported, but mostly graphene oxide
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and the - interaction between phthalocyanine and graphene
oxide have been considered,*** rather than graphene.

Generally speaking, the functionalization of pristine gra-
phene layers with phthalocyanines has not been investigated to
a large extent, and sensors based on graphene layers function-
alized with phthalocyanines have not yet been introduced as the
sensing array into an e-nose.

In detail, we prepared an array of 5 chemiresistive sensors:
one sensor based on pristine graphene (Gr_pristine) and 4
graphene sensors functionalized with M-Pc (M = Co, Ni, Zn and
Fe), with the aim to test this array of graphene sensing layers as
an e-nose. In particular, these M-Pc have been selected due to
their reported good sensing performances.****"¢

The M-Pc layers have been deposited on graphene from
a solution by dropcasting, a facile, low cost, and easy func-
tionalization technique. In view of possible applications in the
field of breathomics testing of the sensor array has been carried
out with ammonia as target gas molecule. Ammonia in the
exhaled breath is recognized as the biomarker of both liver and
kidney failure and chronic obstructive pulmonary diseases.’”®
Indeed, ammonia concentration around 10 ppb can be found in
the exhaled breath of healthy subjects, while in case of liver or
kidney malfunctioning this concentration can rise up till
1 ppm." Furthermore, ammonia, along with NO,, is usually
regarded as a testing gas for novel nanocarbon based
sensors.”»*® Following this choice, calibration curves have been
drawn, discussing the sensing mechanism of the sensors, in
particular of the Gr_CoPc layer, which displayed a distinctive
behavior with respect to the other sensors in the set. Then the
discrimination capability of the array has been tested, carrying
out exposures to several possible interfering gases (acetone,
ethanol, water vapour, 2-propanol, benzene, sodium hypochlo-
rite and hydrogen sulfide) and analysing the data through
principal component analysis (PCA) in order to assess the role
of each sensor in the discrimination process.

Incidentally, also the interfering gas molecules listed above
are known to be biomarkers for several pathologies such as
diabetes (acetone),*®* lung cancer (2-propanol, benzene and
ethanol),*® asthma (hydrogen sulfide),**** and cystic fibrosis
(sodium hypochlorite).*

Finally, in the present approach the parallel screening of the
Gr-based sensors response upon exposure to these target gas
molecules can disclose new sensing layers for targeting specific
molecules in case of remarkable response of one sensor over the
others.

Experimental
Sample preparation

5 different samples of graphene on 10 x 10 mm® Si/Si;N,
substrates make up the electronic nose. One of the samples is
pristine graphene (Gr_pristine) and 4 of them are functional-
ized via dropcasting of cobalt (CoPc), iron (FePc), nickel (NiPc),
and zinc (ZnPc) metal phthalocyanine solutions. Graphene on
Si/Si;N, substrates have been purchased from Graphenea, while
phthalocyanine powders from Sigma-Aldrich.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Batch-to-batch or sample-to-sample variation is primarily
affected by the quality of the graphene layers. Therefore, Gr
layers with comparable resistivity have been selected for the
array after proper functionalization (see Table SI of the ESIT).

The phthalocyanine powders have been dissolved into
acetone (NiPc) or ethanol (all the other molecules) with
a concentration of 0.1 mM and then, after 10 minutes of soni-
cation, 15 droplets of the solution have been dropcasted on the
graphene layer (Fig. 1a) and have been left to dry upon solvent
evaporation in air.

The choice of the solvent and concentration was made on the
basis of ref. 66. A cross-sectional sketch of the functionalized
layers is shown in Fig. 1b.

For a preliminary investigation of batch-to-batch reproduc-
ibility, additional samples have been prepared on selected
layers, functionalized with NiPc and CoPc (hereafter labelled as
Gr_NiPc_A, B and C, Gr_CoPc_A, B and C).

Sample characterization

Raman spectroscopy and atomic force microscopy (AFM) have
been performed to characterize the samples.

(a) Graphene functionalization
with metal phthalocyanine (Pc)

(d) Statistical data analysis
(Principal Component Analysis)
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Raman spectra and micro-Raman maps have been collected
on a Renishaw-Invia system, equipped with a 633 nm laser
source.

The laser light has been focused onto the sample with a 100x
objective. An 1800 lines per mm grating and a laser power of 5
mW have been used for the measurements.

AFM images have been acquired with a Park NX 10 AFM
system in non-contact mode in air-solid interface with a tip
operating at a resonance frequency of about 300 kHz. All the
images processing has been performed using the Gwyddion
software.®”

Baseline resistance and AFM measurements have been
carried out also on the three additional samples of Gr_NiPc and
Gr_CoPc (Gr_NiPc_A, B and C, Gr_CoPc_A, B and C).

Gas sensing measurement

To measure the chemoresistive response of the samples to the
selected gases, electrical contacts have been made with silver
paint stripes at the opposite sides of the sample. The samples
have then been mounted on a properly designed platform (the
e-nose) able to host up to 8 sensors, for the simultaneous

(b) Cross-sectional sketch of the sensor
and readout scheme
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Fig. 1 Summary of the methodology. (a) Graphene layers are functionalized with metal phthalocyanine via dropcasting. (b) Cross sectional
sketch of the layers after silver contact have been made and chemiresistor readout scheme of each layer. (c) Schematic representation of the
electronic nose, assembled with a pristine graphene layer (red) and four phthalocyanines functionalized samples: NiPc (light blue), FePc (purple),
CoPc (blue) and ZnPc (green). Relative humidity (RH) and temperature (T) sensors are mounted on the array, as well. (d) Data collected from the
e-nose are analysed with PCA in order to obtain discrimination of the target gases molecules.
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detection of all sensors response during gas exposures. With
this set-up, the present platform allows for a direct comparison
of the behaviour of the sensors under the same environmental
conditions. Two commercial sensors have also been added to
the platform: a relative humidity (RH) sensor (humidity sensor
HIH-4000 series - Honeywell Sensing) and a temperature sensor
(Thermistor NTC PCB 5K - Murata). A schematic representation
of the e-nose is shown in Fig. 1c.

The sensor signals have been acquired using dedicated
software, written in the LabVIEW environment. The gas sensing
characteristics have been analysed by exploiting the chemo-
resistive responses upon gas exposure. The basic electronic
circuit for chemiresistor gas sensing measurements consisted
of a load resistor (Ry) in series with the sensor, to which
a constant voltage (V = 5 V) is applied. By monitoring the output
voltage (Vour) across the sample, the sensor resistance Rs is
measured. A scheme of the readout circuit developed for each
sensor is shown in Fig. 1b. Therefore, the chemo-resistive
responses have been evaluated as: AR/R, = (R — Ro)/R,, where
R, is the baseline sensor resistance before exposure, while AR =
R — R, is the resistance variation occurring during gas exposure.

Gas exposures have been carried out at room temperature in
a sealed custom made chamber, by introducing a mixture of
synthetic air with a selected concentration of the analyte under
investigation. Two cylinders have been used to feed the
chamber through programmable mass-flow controllers (MKS
Instruments) operating in a 200-500 sccm range. For ammonia
exposures, the first cylinder (certified by SIAD Spa) has been
loaded with 47 ppm of ammonia in synthetic air, while the
second has been loaded with synthetic air alone (SIAD Spa) and
used to change the overall concentration of ammonia in the
chamber. Gas from both cylinders was pre-mixed before
entering the chamber. During measurements the overall RH
was (50 £ 10)%. Exposure time has been set around 1 minute
and after each exposure the chamber has been purged by
flushing it with synthetic air until the initial resistance value of
the sensors has been restored. A scheme of the set-up is re-
ported in Fig. S1.7 This procedure has also been exploited for
the other tested analytes, ie. hydrogen sulfide, benzene,
acetone, 2-propanol and ethanol.
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Regarding ammonia, on the basis of several exposures cali-
bration curves for each sensor have been obtained by plotting
the sensor response AR/R, versus the gas concentration.

Statistical data analysis

Data collected with the electronic nose have been analysed with
a multivariate statistical approach, i.e. principal component
analysis (PCA), implemented into the R software. PCA is an
unsupervised statistical method that allows for the reduction of
the problem dimensionality maximizing the variance; indeed, it
redistributes the total response in a set of principal orthogonal
components (PCs); PC1 represents the dimension with the
greatest variance, PC2 the second greatest variance, and so on.
The aim of this analysis is to achieve in a 2D or 3D space a clear
discrimination of the gases (Fig. 1d). In this work, data to feed
the PCA has been pre-treated only with the column mean-
centring. For the PCA analysis, an overall set of 52 exposures
to 8 different gases has been considered.

Results and discussion

The samples have been characterized through Raman and AFM
measurements.

The Raman spectrum of pristine graphene (Fig. 2 (red curve))
shows the characteristic peaks of graphene: the G and 2D band.
The G band, located at 1590 cm™*, is ascribed to the C-C
stretching of sp” hybridized carbon atoms in the graphene
lattice.®® The 2D peak around 2648 cm™ ' is a second order
Raman scattering process and it is related to the breathing
mode of carbon atoms in the plane of graphene.®®

Regarding the band around 1330 cm ™, it probably comes
from two different contributions: as can be seen in the black
curve of Fig. 2, silicon nitride substrate has a band in the same
position (see also ref. 69), but also the D-band related to defects
in graphene could be found around 1330 cm™ . Since the
monolayer graphene is not highly defective, we could expect
that the silicon nitride broad band dominates the feature
around 1330 cm ' in the Gr_pristine spectrum. Regarding the
functionalized graphene samples, the G-band is well detectable
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Fig.2 Representative Raman spectra of SizN,4 substrate (black), graphene on Si/SizN4 pristine (red) and with cobalt (blue), nickel (light blue), iron
(purple), zinc (green) phthalocyanine. The 2D band of the samples with the Zn compounds could not be detected due to a strong luminescence

in that spectral region.
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in the Gr_CoPc sample, while in the other samples it is still
detectable though with a very low intensity compared to all the
other peaks in the spectra. This is an indication of a lower
thickness of the molecule layer for the Gr_CoPc sample with
respect to the other functionalized samples. Furthermore,
considering the high intensity of the Pc related peaks, we
assume that the ZnPc, FePc and NiPc are arranged in a multi-
layer structure.

The presence of graphene is in any case confirmed by the 2D
band, which is always detectable for all samples except for
Gr_ZnPc, where a strong luminescence induced by the 633 nm
laser beam irradiation is expected for the Zn-based complexes,”
overwhelming the intensity of the Gr 2D band. All the peaks not
related to graphene and present in the functionalized samples
could be ascribed to the phthalocyanine molecules (see also
Fig. S2).

Fig. S31 shows representative images of the samples in a 3 x
3 um?® region. Pristine graphene (Fig. S3at) shows the typical
edges of a transferred graphene layer.
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Topographic images representative of the Gr_CoPc, Gr_FePc
and Gr_NiPc surfaces, shown in Fig. S3b, c and d, respectively,
display a quite uniform distribution of the phthalocyanine
molecules on the layer, while regarding Gr_ZnPc the layer
presents some agglomerates on the surface, ascribable to not
well dissolved phthalocyanines.

Reproducibility of the batch-to-batch preparation in terms of
the baseline resistance, before and after functionalization, and
of the roughness of the prepared layers, obtained from several
AFM images, have been confirmed, investigating the three
additional samples of Gr_CoPc and Gr_NiPc (Gr_CoPc_A, B and
C, Gr_NiPc_A, B and C) and comparing the result with those
obtained from the chemiresistors equipping the e-nose
(Gr_CoPc and Gr_NiPc). Results are reported in Tables SII and
SIII, T respectively.

Gr_CoPc, Gr_NiPc, Gr_ZnPc, Gr_FePc and a pristine Gr
chemiresistors on the e-nose (schematic representation re-
ported in Fig. 3a) have been simultaneously exposed to
ammonia.

R
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(a) Schematic view of the sensor array exposed to ammonia. (b) Response of the sensor array to 64 ppm, 49 ppm and 72 ppm ammonia

exposures. (c) Calibration curves interpolated with a Freundlich fit; for the Gr_CoPc sample, no fit is reported, but a line to guide the eyes has
been added. Error bars represent standard deviation of the mean response obtained from three exposures to the same ammonia concentration.
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As an example of the dynamical response of the array, the
resistance change measured upon three exposures to high
ammonia concentrations (i.e. 64 ppm, 49 ppm and 72 ppm) is
shown in Fig. 3b. The exposure time has been set around 1
minute.

First of all, a quick response is observed for all samples (i.e.
in a few seconds range) and most of the sensors increase their
resistance upon ammonia exposure, disclosing an overall p-type
behaviour; the exception is represented by the Gr_CoPc sensor,
which exhibits at first, a decrease of the resistance is observed,
but after few seconds the resistance starts to increase.

The high concentration used to perform such exposures does
not permit a complete recovery in short time, but for concen-
trations below 15 ppm the recovery is achieved in about 3-5
minutes (see Fig. S4 and Table SIVY).

In order to draw the calibration curve in a concentration
range of interest for e-nose applications, a sequence of expo-
sures to ammonia at low concentrations (from 0.5 ppm to 13.5
ppm) has been carried out. The calibration curves of all sensors
are shown in Fig. 3c, with the exception of the Gr_FePc chem-
iresistor, which did not display any response to NHj; for
concentrations below 8 ppm (see also Fig. S47). A Freundlich
isotherm (AR/R, = A[NH;JP°") is used to interpolate the data
(except for those obtained from the Gr_CoPc layer), and the
fitting parameters are reported in Table SV.T The detection limit
(dD), reported in Table SVI has been evaluated according to the
formula: 3[NH;]/((R — Ry)/0),”* where ¢ is the fluctuation of the
electrical signal. In particular a detection limit of 0.17 ppm,
0.05 ppm, 0.05 ppm, 8 ppm and 0.03 ppm has been found for
Gr_pristine, Gr_NiPc, Gr_ZnPc, Gr_FePc, and Gr_CoPc,
respectively.

The calibration curves present a sublinear behaviour, which
is quite common for gas sensors with carbon-based mate-
rials."*”* From the comparison of calibration curves it is clear
that functionalization does not always enhance the response to
ammonia; for instance, the response at the highest concentra-
tion (i.e. 13.5 ppm) of Gr_NiPc is higher than for the pristine
sample, but the response of all the other sensors is lower, and
no response at all is observed for the Gr_FePc. On the other
hand, the detection limit is always better for the functionalized
samples, except for the Gr_FePc sensor.

Rather than being detrimental to gas sensing, this variability
among sensing response to different target gas molecules is
a quite an important issue for data analysis and classification
with machine learning algorithms.

A comparison with literature works has been performed in
terms of sensitivity (i.e. sensor response percentage normalized
over the concentration: (AR/R, x 100)/[NH;]) and detection
limit: the results obtained for the five developed sensors are in
line with both graphene-based sensors,”***7*# and reduced
graphene oxide functionalized with metal phthalocyanine
molecules,®** as can be found in Table SVIL

As for the sensing mechanisms, the resistance increase upon
ammonia exposure indicates that the Gr, Gr_FePc, Gr_NiPc, and
Gr_ZnPc layers are p-type, consistently with the fact that the
electron injection from ammonia reduces the density of holes in
these layers.
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The behaviour observed for Gr_CoPc is different and can be
rationalized also at the light of the sensing of a CoPc chemir-
esistor layer exposed to ammonia. In this regard, a sample made
of CoPc only has been prepared by drop-casting 15 drops of
a CoPc solution on a glass substrate. Unlike graphene, glass is
assumed to be an inert substrate without any electronic
coupling with the Pc film, thus the observed response to gas
exposure is related to the behaviour of the Pc film alone.
Exposures to different ammonia concentrations have been
carried out and the results are shown in Fig. S5.f The CoPc
molecule layer decreases its resistance upon ammonia expo-
sure, thus displaying an n-type semiconductor behaviour.

In literature, only the case of p-type graphene functionalized
with p-type Pc is discussed by Guo et al.,** while results on n-
type Pc have not yet been reported. Furthermore, the case re-
ported in ref. 84 is different from our case; indeed, there CoPc
and rGO were mixed together, while in our case the CoPc
molecules form a layer onto the graphene substrate.

A possible sensing mechanism for Gr_CoPc exposed to
ammonia is schematized in Fig. 4. Due to the presence of
oxygen, pristine graphene in air is considered as a p-type
material, thus the Fermi level is below the Dirac point, while
n-type doping for CoPc has been experimentally observed,

(1) Decoupled system (2) Heterojunction formation

1
I
I
1 o
; 0 LUMO LUMO
I
I—%* om0 *-*— HOMO
I
1
‘Less’ p-type  ‘Less’ n-type
- n-type CoPc
p-type graphene Yp! graphene CoPc

(3) Low ammonia concentration

o Q
Qe

(4) High ammonia concentration

LUMO Se LUMO
*-*— HOMO *e oMo
‘Less’ p-type
graphene n-type CoPc p-type graphene n-type CoPc

Fig. 4 Schematic representation of the sample formation and sensing
mechanism in the case of ammonia exposure for a Gr_CoPc sensor. (1)
In air, considering the uncoupled situation, graphene is a p-doped
material, while the CoPc are n-type. (2) After the dropcasting, a junc-
tion is formed between graphene and CoPc. (3) In low ammonia
concentration regime, NHz molecules interact with CoPc with a higher
probability. (4) In high ammonia concentration regime, NHs starts to
interact with the graphene layer. Ammonia molecules are represented
with blue (N) and white (H) spheres. Filled states of Gr are shown in
blue, whereas empty states are shown in red.
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where the HOMO is filled, and electrons are also found in the
LUMO (case (1) in Fig. 4).

DFT calculations carried out on a Gr_CuPc system reports
that the HOMO is at lower energy with respect to the Fermi level
of Gr, while the LUMO is above the graphene Fermi level;*
assuming that this holds also for our CoPc case, the CoPc LUMO
can be set above Fermi level of graphene.

Upon dropcasting the CoPc on the graphene layer, a hetero-
junction is formed, and the electrons in the CoPc LUMO drift
towards graphene in order to align the respective states (case (2)
in Fig. 4).

Once the equilibrium is reached, the graphene is now “less”
p-type doped than in case 1 (decoupled system) and conse-
quently the CoPc molecule layer is less n-type doped. Let us now
analyse the case when ammonia is adsorbed at the sample
surface  considering both and high ammonia
concentrations.

Considering that the Gr layer is not completely covered by
CoPc, as can be deduced by Raman map measurements
collected on the sample and shown in the ESI (Fig. S67), in a low
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Fig. 5 (a) Schematic representation of how (AR/Rg)neg and (AR/Rg)pos
are evaluated for an ammonia exposure of Gr_CoPc. (b) (AR/Rg)neg as
function of the ammonia concentration; (c) (AR/Ro)pos as function of
the ammonia concentration. Dashed lines are reported to guide the
eyes through the trend.
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concentration regime, ammonia results to interact preferably
with the n-type phthalocyanine, donating electrons to them,
thus leading to the experimentally observed resistance
decrease. When ammonia concentration increases, more
molecules reach the sample surface, saturating the phthalocy-
anines adsorption sites and therefore interacting mostly with
graphene. Ultimately, this leads to the experimentally observed
p-type behaviour, with an increase of the resistance value.

To support this claim, AR/R, upon different ammonia
concentration exposures has been evaluated as a two steps
process (see ESIf file for further information): (AR/Ry)neg and
(AR/Rg)pos as shown in Fig. 5a, and the results are shown in
Fig. 5b and c. (AR/Ry)neg is related to a n-type behaviour, i.e.
CoPc layer, while (AR/Ry)pos is the trend expected for a p-type
layer, i.e. graphene.

Fig. 5b clearly shows that the (AR/Ry)neg value decreases till
a threshold concentration value (around 10 ppm), and then
remains constant.

This behaviour is compatible with a saturation of the avail-
able sites in the n-type doped region of the sample, i.e. the CoPc
layer. In contrast, the (AR/Ry)p0s value is zero in the 0-1 ppm
range and beyond this range increases with concentration,
suggesting that at first the p-type contribution is negligible,
then in the 1-10 ppm range this behaviour is comparable with
the n-type one, since the absolute value of the response is the
same; finally, starting from 10 ppm concentration, the p-type
response is dominant.
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Fig. 6 Response of the sensor array to selected target molecules.
Sodium hypochlorite (0.5 ppm), water (1000 ppm) and ammonia (13.5
ppm) (top panel); 2-propanol (40 ppm), acetone (40 ppm), ethanol (37
ppm), benzene (1 ppm), and hydrogen sulfide (2.5 ppm) (bottom
panel).

RSC Adv, 2023, 13, 251-263 | 257


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra07607a

Open Access Article. Published on 21 December 2022. Downloaded on 7/19/2025 3:41:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

RSC Advances Paper
(a) gy (0) ) g
2._ — e S -
A z 5 5
1F ‘A f - LoE ol E
L ] o ] ]
; 4o I ] 05F v a 3
- o o C f ] ]
X . X L} 41 X B ]
s .f i = — ]2 00k “% % 3
g F " ] & F X ¢ L = -
bt C X 1 « osE o .
S oF il X 2-propanol ERRS C ° B ]
a  2f ® Acetone 1 o C oV ]
F e x Ammonia 1 - Oy L
L 7 Benzene ] 1.0 A r
3 v Ethanol = C ]
F © Hydrogen sulphide ; 15F -
o W Sodium hypochlorite, ] B = 4
4 i‘/ ¢ Water . C ]
lusitslaaiisil vl uaimala 2.0 M ludadsiaiaibaiiviadiaisaliaiiaal]
-2 0 2 4 6 8 -2 0 2 4 6 8
PC1 (68.38%) PC1 (68.38%)
06F 3 (d) o6F e
(c) W Gr_pristine ( ) ( )0.6-— -1
m Gr_CoPc
041 m Gr_FePc N 041 7 04 —
m Gr_NiPc
02 m Gr_ZnPc 7 0.2 N 0.2 -1
5 3 [ 3 [ I
& 0.0 18 00 18 0.0+ -
2 2 2
5 021 15 02 13 -02F -
@ 15} @
S S S
04 - 04 — 04} -
06+ - 06 =1 -0.6 -
0.8 - -0.8 - - -08 -
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The sensing mechanism suggested for the Gr_CoPc layer is
likely to occur also for the other samples, although the switch
from negative to positive AR/R, is not observed, as NiPc, FePc,
and ZnPc are recognized as p-type compounds,*®* thereby
displaying a behavior similar to that presented by p-type pris-
tine graphene layers in air (Fig. 3c).

Datasets similar to those shown for ammonia in Fig. 3b have
been collected for exposures to acetone, ethanol, benzene, 2-
propanol, sodium hypochlorite, hydrogen sulfide and water.

Results are summarized in the histograms of Fig. 6, which
shows the responses of the sensors array to the 8 selected target
molecules expressed as the sensor response AR/R, evaluated for
the highest concentration tested.

All the sensors changed their resistance during exposure to
all gases which have been tested, except for pristine graphene
exposed to hydrogen sulfide, ethanol and acetone; indeed, in
these cases a resistance change has not been observed.

In general, the whole sensor array shows a relevant response,
especially to sodium hypochlorite, water and ammonia.

It is interesting to notice that, although Gr_pristine shows
one of the best responses to ammonia, its response to the other
gases is not the highest, indicating that the functionalization
leads to an increase in the selectivity of the sensor array,
required also by the statistical methods for the data analysis.

258 | RSC Adv, 2023, 13, 251-263

Furthermore, the possibility to test all the sensors in the
same conditions, helps to identify the sensors with the best
performances: in this array Gr_FePc is promising for 2-propanol
and sodium hypochlorite detection, while Gr_ZnPc shows
a huge response to hydrogen sulphide and benzene, as
compared to the other sensors.

In order to enrich the data set, exposures to different
concentrations of the same gas have been considered (see Table
SVIIIT for the concentration range) and PCA has been carried
out on the sensors' responses; the results are shown in Fig. 7.
Considering the space generated by PC1 and PC2 (Fig. 7a), not
only the set of points ammonia is well separated from the other
gases, but also all gases are clearly discriminated in the space,
with an overlap of the acetone, 2-propanol and ethanol contri-
butions only.

Taking into account also the third component (Fig. 7b, PC3
vs. PC1), this overlapping can be avoided and also these three
compounds are clearly separated in the PCA space. Further-
more, as it has been previously observed on arrays based on
CNTs,'"* a concentration trend is established: going towards
the centre of the reference system, the gas concentration
decreases. It is worth to mention that although the developed
sensors do not show a particular high response to ammonia,
when their response is combined in the PCA analysis, the whole

© 2023 The Author(s). Published by the Royal Society of Chemistry
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array is able to completely discriminate ammonia from the
other gas contribution.

Of note, the present electronic nose is able to discriminate
also the VOCs that usually are difficult to detect and discrimi-
nate with carbon-based sensors, such as acetone, ethanol and 2-
propanol. Indeed, for instance considering carbon-nanotubes,
it has been proved that these compounds do not provide an
effective charge transfer to the bare carbon-based surfaces and
a proper functionalization is required.*

Finally, loading plots for PC1, PC2, and PC3 help clarify the
role of each individual sensor into the discrimination of target
gas molecules. As shown in Fig. 7c, all the sensors equally
contribute to PC1 loadings, except for Gr_pristine, which
contributes to a minor extent. Therefore, 4 out of 5 sensors are
clearly involved in the discrimination of sodium hypochlorite
from all the other gas contributions along the PC1 axis of the
PC1-PC2 space. PC2 loadings are dominated by the pristine
contribution, but Gr_NiPc plays an important role too in the
discrimination along PC2 (Fig. 7d). In particular, along PC2 we
can clearly discriminate ammonia from all the other gases. Of
note that the Gr_pristine sensor is the one showing the best
response to ammonia, closely followed by the Gr_NiPc sample
(see for instance Fig. 6-top panel). Regarding the discrimination
between ethanol, acetone and 2-propanol, achieved only in the
PC3-PC1 space, it is clear from the loadings on the component
3 that the central role is played by the Gr_NiPc, closely followed
by Gr_CoPc and Gr_ZnPc (Fig. 7e). It is clear, as it is expected,
that to obtain a good discrimination it is not mandatory to
achieve high response from all the sensors to all gases, but
response variability among sensing layers plays a crucial role.

PCA assesses the capability of the 5-sensors array to clearly
discriminate all the tested gases in a 3D-space, making the array
particularly promising for breathomics, environmental moni-
toring or food quality tracking application. All the sensors
equally contribute to the discrimination capability, since PC3 is
defined by Gr_NiPc, followed by Gr_CoPc contributions, PC2 is
dominated by GR_pristine and, to less extent, to Gr_NiPc, while
Gr_FePc and Gr_ZnPc mainly contribute to the PC1
discrimination.

Conclusion

The goal of the present study was to build the first e-nose based
on a graphene chemiresistors array. Accordingly, we demon-
strated that the device can be built and can operate as an e-nose
with the required capability to selectively detect molecules in
the gas phase. With the aim to create robust and chemically
stable interfaces, we combined the sensing properties of M-Pc
with the superior transport properties of Gr, by preparing four
graphene layers functionalized with M-Pc. To create these
interfaces, we chose drop-casting as a straightforward and low-
cost method.

After AFM and Raman characterization, a sensor array was
created with the four functionalized layers and a pristine Gr one
in order to build the e-nose. The overall sensing behaviour of
the prepared sensors has been investigated at first with expo-
sures to ammonia. We drew the calibration curves and
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discussed the sensing mechanism in particular for the Gr_CoPc
layer. Then, several exposures to ammonia, hydrogen sulfide,
benzene, acetone, ethanol, 2-propanol, and water vapour have
been carried out and the data have been used to feed the
principal component analysis (PCA) and assess the discrimi-
nation capability of the device.

Of note, the tested concentrations of almost all gases are
relevant for breathomics, where the biomarkers in the exhaled
breath can be found in a concentration in a low-/sub-ppm
range.11,13,14,57,60,91,92

All tested gases are clearly discriminated in a 3-dimensional
PCA space. In particular, it is worth noting the capability of the
array to detect VOCs that are usually poorly discriminated with
chemiresistors, unless novel approaches for detection schemes
and data handling are devised.”

Furthermore, we showed that an e-nose can be used for
a parallel benchmarking of possible chemiresistors. Indeed, the
possibility to test all the prepared samples on our e-nose
simultaneously allowed us to point out the higher sensitivity
of the Gr_ZnPC layer to benzene and hydrogen sulfide, and of
Gr_FePC to 2-propanol and sodium hypochlorite with respect to
the other chemiresistors equipping the e-nose.

So far, e-noses based on Gr chemiresitors have not yet been
reported and therefore a benchmarking of our e-nose with
similar devices is currently unfeasible. In this perspective, the
present work represents a proof of concept, bridging the gap
between graphene-based chemiresistors and e-noses. The low-
cost and simple functionalization technique, as well as the
easiness of use and simplicity of the electronic nose itself, make
the presented array suitable and promising for environmental
monitoring, food quality tracking and, especially, breathomics
applications.
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