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Abstract: To fabricate mass and resistive sensors based on reduced graphene oxide (RGO), we
investigated the functionalization of RGO by tetra tert-butyl phthalocyanine (PcH,tBu), which
possesses a macroring and tert-butyl peripheral groups. Herein, we present the gas sensor responses
of the functionalized RGO toward benzene, toluene, and xylene (BTX) vapors. The RGO was obtained
by the reduction of graphene oxide (GO) using citrate as a reducing agent, while the functionalization
was achieved non-covalently by simply using ultrasonic and heating treatment. The sensor devices
based on both QCM (quartz crystal microbalance) and resistive transducers were used simultaneously
to understand the reactivity. Both the GO and the RGO showed less sensitivity to BTX vapors, while
the RGO/PcH,tBu presented enhanced sensor responses. These results show that the p-network
plays a very important role in targeting BTX vapors. The resistive response analysis allowed us to
state that the RGO is a p-type semiconductor and that the interaction is governed by charge transfer,
while the QCM response profiles allowed use to determine the differences between the BTX vapors.
Among BTX, benzene shows the weakest sensitivity and a reactivity in the higher concentration
range (>600 ppm). The toluene and xylene showed linear responses in the range of 100-600 ppm.

Keywords: phthalocyanines; functionalization; graphene oxide; thin films; QCM; resistive
sensors; BTX

1. Introduction

In the last decade, an unprecedented amount of research on graphene derivatives has
been carried out owing to its unique nature and properties [1,2]. Graphene, which presents
a hexagonal lattice that resembles a honeycomb structure, is an allotrope of carbon that
presents a two-dimensional (2D) structure. Since its discovery by Geim and Noveselov [3],
there has been great enthusiasm among the scientific community and graphene has never
stopped being of interest to many researchers.

For use in the gas sensor field, the high surface area of graphene combined with
the transfer of charge between the molecules adsorbed to its surface are its principal
advantages [4,5]. In practice, graphene oxide (GO), which is obtained through the ox-
idation of graphene, is mainly used for practical applications. This is because many
technical resources—such as solution processing, surface modification, functionalization,
etc.—extrapolated from carbon nanotubes’ surface chemistry are available for the use of
graphene oxide (GO) as an allotrope of carbon. These possibilities open unlimited possi-
bilities relating to liquid-phase chemical processing. Another advantage of the solution
phase is that it provides reactants that can be easily incorporated in graphene surfaces to
allow for their successful functionalization. As a result, graphene can be oxidized into GO,
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and this transformation will generate many oxygenated groups on the basal planes of the
graphene surface [6].

This transformation/oxidation allows the manipulation of graphene derivatives (GO
in this case) but is not without consequences, since some of their properties can be al-
tered [7]. This is the case for the electronic properties, since, depending on the oxida-
tion level, GO'’s electronic properties can be altered from weakly conducting to isolating
material [7,8]. Highly oxidized GO is therefore not always useful for detecting gases when
carbon nanostructures are intended for application in the sensors field. However, mild
oxidation, when conducted in a controlled way, can prevent the conduction properties
from being altered [8]. Another solution to this problem is a reduction process that can be
achieved chemically or physically [9-13]. For this reason, GO must often be reduced to
form RGO for many applications [14]. Through this reduction, most electronic properties
can be restored. However, this restoration is often not complete, since oxygenated groups
will still be present on the surface in RGO [12,15]. For our investigation, we used citrate as
a reducing agent to produce the RGO in our study [9].

To make the RGO material more attractive for applications in sensors, functionaliza-
tion or decoration are often used to prepare graphene-based sensing materials [16-20].
Many functionalization units—from metal oxide [21,22], organics material [23,24], nanopar-
ticles [25], conducting polymers [26,27], etc.—are available for preparing graphene-based
sensing materials. We have previously investigated the functionalization of carbon nan-
otubes by phthalocyanine derivatives and found that such macrocycles are efficient func-
tionalization tools and good candidates for the detection of BTX gases [28,29]. BTX are toxic
gases that are mainly produced by automobile traffic, and their potential dangerousness
and toxicological or carcinogenic effects are well established [30]. Methods for controlling
and monitoring these for health purposes are still in demand, since their similar properties
complicate detection.

Using phthalocyanine derivatives, which present an aromatic m-system to target
BTX, is relevant, since t—7t interaction can be initiated to enhance BTX detections [31,32].
Graphene materials also present these potentialities, but the functionalization of graphene
materials with phthalocyanine seems to provide more sensitivity regarding the - inter-
action. As an example of such an association, the use of graphene and phthalocyanine has
been reported for the detection of chlorine [33,34], glucose [35], NO; [36], NH3 [37], etc.
In this article, we aimed to use a free phthalocyanine—namely, tetra tert-butyl phthalocya-
nine (PcH,tBu)—to functionalize RGO. Such a combination has never been tested for BTX
detection and this will be the first time that a graphene-based material will be combined
with a 7-extended molecular system and tested for BTX detection. The hybrid materials
formed (RGO/PcH,tBu) will be investigated regarding BTX using both mass and resistive
transducers. The hybrid nanostructure will be characterized and evaluated regarding its
sensing performance.

2. Materials and Methods
2.1. Materials and Solvents

Anhydrous chloroform (purity grade > 99%), acetone (ACOH), hexane, and ethanol
(purity grade > 99%) were obtained from Aldrich and used without further purification.
As-produced GO (modified Hummer’s method) was purchased from ACS. Materials were
used as received (purity grade ~ 99%). 2,9,16,23-tetra-tert-butyl-29H,31H-phthalocyanine
(purity 97%), denoted PcH,tBu, was obtained from Aldrich and used without further
purification. Sodium citrate tribasic dihydrate (purity grade > 99.0%) was obtained from
Aldrich and used as received.

2.2. RGO Preparation

The reduction of GO was achieved chemically through the use of sodium citrate as a
reducing agent [9]. Following a typical procedure, a dispersion was prepared by adding
50 mg of GO to a mix of solvent (100 mL) containing ethanol and water in a volume ratio
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of 1v/1v. The mixture was homogenized through alternating heating on a hot plate (80 °C)
and ultrasonic treatment in a bath-type sonicator (Fisher Scientific France, Fisherbrand,
Nlkirch Cedex, France, FB15047, 60 W) for 30 min. A freshly prepared reducing solution
based on 5 mg of citrate in 20 mL water was then dropwise added to the mixture, which was
further heated under stirring. The grey mixture turned slightly black and was maintained
at a constant level under heating and stirring for 90 min. The obtained dispersion was
stirred overnight at room temperature. Finally, the mixture (slightly viscous) was filtered
and washed several times with water (90 mL), before finally being allowed to dry at
room temperature.

2.3. RGO/Pchytbu Preparation

The preparation of the RGO/PcH,tBu was achieved using our ultrasonic-assisted
non-covalent functionalization method [32], which we modified to enable the compatibility
of solvents. In fact, RGO is scarcely dispersed in water or water/ethanol (forming a sus-
pension), while PcHytBu is most soluble in chloroform. However, the alternation of heating
and sonication can facilitate the combination of these two immiscible mixtures. Following
a typical procedure, the RGO (5.0 mg) was dispersed in a water/ethanol (10 mL/20 mL)
solution and subjected to ultrasonic treatment for 20 min. Then, the dispersion was heated
at 80 °C under stirring for 20 min and then a 5 mL chloroform solution of the PcH;tBu
(0.001 M) was added dropwise to the mixture, resulting in the appearance of a two-phase
solution. The mixture was then treated by alternating ultrasonic treatment and heating
every 15 min for 1 h. The resulting mixture was then allowed to cool down at room
temperature under stirring. The mixture was finally filtered, washed thoroughly to remove
excess of PcH,tBu, and dried at room temperature.

2.4. Characterization Methods

UV —visible spectra were recorded on a Shimadzu 2600 plus spectrophotometer us-
ing a 1 cm path length glass cell, and a mixture of ethanol/water was used as a solvent.
The solutions were prepared by dispersing the materials in the solvent mixture followed
by ultrasonic treatment for 5 min. Fourier transform infrared spectrometry (FTIR) spectra
are recorded in the attenuated total reflection (ATR) mode using a Thermo Electron spec-
trometer. Spectra were acquired in the mid-IR region of 4000-400 cm ! and for all spectra,
64 scans at a 4 cm ! resolution were applied. Raman spectra were recorded with a Jobin
Yvon T64000 spectrometer using a charge-coupled device multichannel detector. Raman
spectra were acquired at room temperature using an excitation wavelength of 514 nm
from an argon laser. For electrical characterization, the current (I) versus voltage (V)
measurement—i.e., I-V characteristic of the sensing device—was performed in a two-point
configuration in ambient air employing a Keithley 2636 System Source Meter controlled by
the Labview software. Typically, the I-V graphs were obtained in the —1 V to +1 V range
with a step voltage of 0.01 V.

SEM micrographs were acquired from a Carl Zeiss Supra scanning electron microscope
(SEM) with an acceleration voltage of 3 kV. For SEM analysis, the samples were prepared
by the drop-cast deposition of a solution containing the materials on a copper foil before
being air-dried. Transmission electron micrographs were obtained with a HITACHI H-7650
transmission electron microscope (TEM) operating at 80 kV. For TEM analysis, the samples
were prepared by the drop-cast deposition of a solution containing the materials on a
carbon-coated copper TEM grid and then air-dried.

2.5. Sensor Devices and Sensor Preparation and Test Bench

For both devices (QCM and resistive), the sensor layers were obtained by the drop-cast
deposition of a dispersion containing the material and followed by heating at 80 °C for sol-
vent evaporation. The resistive sensor substrate consisted of screen-printed interdigitated
electrodes (IDEs, with an interelectrode distance of 125 um) made of platinum. We used a
Keithley 2000 for the resistance measurement. For the QCM sensors, we used commercially
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available 5 MHz AT-cut (a MAXTEK 5 MHz polished Cr/Au, with a sensitivity factor Cf of
0.056 Hz/ng/cm? and area of 1.37 cm?) quartz crystals with gold electrodes on both sides
purchased from INFICON (USA) and measured the frequency with an Agilent 53131A
(with a 1 Hz precision). In the QCM sensor experiment, the resonance frequency of the
QCM decreased according to Sauerbrey’s equation relating the frequency variation to mass
variation Equation (1):

Af=—Cf Am 1)

where Af is the frequency variation (Hz), Cf is the sensitivity factor (Hz/ng/cm?), and Am
is the mass variation per unit area (g/cm?). For mass sensing experiments, the response
can be directly given as the frequency variation in hertz (Hz).

However, by measuring the frequency of the QCM before and after deposition,
the amount of sensing material deposited was calculated. This calculation allowed to
give the response in frequency correlated to the amount of material deposited and then
given in Hz/ng. This response representation (Hz/ng) is more powerful for comparing
different sensors with different deposited masses.

The sensor test bench used in this study was adapted from our previous setups [28,29]
and equipped with a BTX gas source (see the experimental setup Figure S1 in the Sup-
plementary Materials file). For each gas, the concentrations were obtained by diluting
vapor from a permeation oven (50 °C) with dry synthetic air as the carrier gas and using
computer-assisted mass flow controllers (MCFs) and solenoid valves for controlling the
opening and closing of the system. Depending on the permeation rate and the required
concentration, the oven could be equipped with either a permeation tube for lower con-
centrations or a diffusion tube for higher concentrations. For the experiments, the sensors
were exposed to analyte for 20 min and recovered in air for 60 min. For the mass sensor
responses, an Agilent 53131A was used for frequency measurement (with a 1 Hz precision).
For the resistive sensors, a Keithley digital multimeter was used. The responses were given
either in AR (QQ) or AR/RO (%).

AR =Rgas — Rp given in (2 and AR/Ry (%) =100 x (Rgas — Rg)/Rg givenin %  (2)

3. Results
3.1. Preparation of the RGO/PcH;tBu: Utility of the Hydro-Alcoholic Dispersion

In our case, the idea was to associate PcH,tBu, which is mainly soluble in chloroform,
with RGO. Knowing that RGO is not soluble in chloroform [38] unless there is the addition
of a surfactant [39], the use of other solvents or solvent mixtures has been attempted.
It has been proven that GO is soluble in water, but at a higher concentrations of GO the
dispersion can turn more viscous [40,41]. The same situation is also valid for RGO, even it
is less soluble than pure GO. During the reduction, without mixing with proper additives,
the RGO formed can agglomerate and precipitate irreversibly. This situation therefore limits
the benefit of restoring the properties through reduction [42] and a gain in surface area.

Due to the high number of oxygenated groups, one could expect GO or RGO to
be soluble in alcohol, but studies have shown the opposite, since GO does not directly
disperse in alcohols [43]. However, adding alcohol to an aqueous dispersion of GO or
RGO mixture of can be an intermediate solution for transferring the GO or RGO into
the alcoholic phase [44] and obtaining a kind of hydroalcoholic dispersion. This solution
has been implemented in our studies, since chloroform seems to be the best solvent for
PcH,tBu, our reactant. Therefore, having a hydro-alcoholic dispersion is a better approach
than mixing the aqueous dispersion with chloroform, which failed in almost all of our
attempts. The preparation method is presented in the Scheme 1.
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Scheme 1. Chart showing the protocol used for the material (A) and sensor preparation (B).

3.2. Characterization of the RGO/PcH,tBu
3.2.1. UV-Vis Characterization

The UV-Vis spectra of GO, RGO, and RGO PcHjtBu are presented in Figure 1.
The GO present a featureless spectrum with an absorption maxima at 230 nm and a
shoulder at 300 nm. These peaks are attributed to 7-7* transition and n-7* transitions,
respectively [45,46]. These transitions are associated with the aromatic C-C bonds and
the C=0 [47,48]. The RGO presents a maximum absorption peak at 260 nm, which is
red-shifted by 30 nm compared to the GO peak.

TTE o —— RGO/PcH2tBu
\\« ——RGO
S e — GO
. % e (Soret) Q bands
P o

-

Absorbance (arb. units)

200 300 400 500 600 700 800
Wavelength (nm)

Figure 1. UV-vis spectra of GO, RGO, and RGO/PcH,tBu materials.

This shift is mainly associated with the restoration of the 7m-conjugated network,
as observed after the reduction of GO [49-51]. In the RGO/PcH;tBu, the presence of more
peaks is manifest. In fact, the peak at 277 nm corresponds to the red-shift of the 260 nm
peak (7-rt* transition) of the RGO, while that at 329 nm corresponds to the Soret band of
the PcH,tBu. Such a redshift within is commonly attributed to the stacking interaction
between the RGO and the free phthalocyanine moieties. The other peaks and shoulders in
the 550-750 nm range correspond to the Q bands of the PcH,tBu [52].
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3.2.2. Infrared Characterization

The graphene oxide IR spectrum (Figure 2) presents features that are characteris-
tic of graphene oxide [53-55]. These are expressed in terms of vibrations peaks in the
600-1700 cm ! range and a broad band in the 2700-3000 cm ™! region. The broad band
centered at 3300 cm 1 is representative of OH bonds [55], while the vibration bands at 1600,
1360, and 1050 cm ™! can be attributed to the C=C, C-OH, and C-O bonds, respectively [56].
In the RGO spectrum, the intensity of the characteristic peaks corresponding to the OH
bonds is slightly reduced as a result of the chemical reduction.

c=0 C-OH |somdole

\ \
\C =C \ CH é (out D’n\aml
O
C-H \‘* /

/

\M

TN\

~

e RGO/PcH2tBu
a— RGO

—GO
T T T T T T T T T
3500 3000 2500 2000 1500 1000

Transmitance (arb.units)

Wavenumbers (cm™)

Figure 2. FTIR spectra of the GO, RGO, and RGO/PcH;tBu materials.

The other vibration bands are slightly shifted toward 1555 and 1030 cm ™!, indicative
of a mild reduction [54]. Additionally, very small peaks appear at 1200 and 1160 cm ™!,
and these can be attributed to C-O-C and C-O stretching. Most of these peaks showed a con-
comitant decrease with the reduction of the oxygenated groups [47]. In the RGO/PcH,tBu
spectrum, the broad band representing the OH is still present, indicating that after re-
duction and functionalization the sensing matrix always presents OH functional groups.
However, taking into account the means of preparation, when using alcohol the presence
of OH bonds from the residual solvents cannot be excluded. There is also the appearance of
new bands in addition to the RGO vibration bands. The vibration bands at 2940 cm ! can
be attributed to the tert-butyl (-(C-CHs)3) groups of the PcHytBu. The vibrations bands at
1010, 1090, and 1360 cm ! are, respectively, assigned to the out-of-plane bending of the N-
H, bending from the isoindole groups, and the aliphatic CHj [57]. The strong band at 1570
can be attributed to C=C bonds from both the RGO and the PcH,tBu, while the 744 cm ™!
peak can be assigned to N-H bending [58]. All these characterizations (UV-Vis and IR) con-
firmed the successful functionalization of RGO by PcH,tBu. The Raman characterization
(Figure S1 in the Supplementary Materials file) also confirmed this effective functionalization.

3.2.3. SEM and TEM Characterization

Figure 3 shows scanning electron microscopy and transmission electron microscopy
images obtained from a dispersion of materials in an alcoholic solution. The PcH;tBu
appeared as a small tiny long wire-like structure on the surface of the graphene and this
is more visible in the TEM images. Such a wire-like formation is a result of the solvent
preparation. Of course, the use of a higher magnification would help us to determine more
about the structure, but the resolution of our apparatus is limits further investigations.
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Figure 3. SEM images of RGO (A) and RGO/PcH;tBu (B) and TEM images of RGO/PcH,tBu at
lower (C) and higher (D) levels of magnification.

Both SEM and TEM images of both the RGO (Figure 3A) and RGO/PcH;tBu (Figure 3B-D)
showed the folding of the graphene layer, forming ripples. Such a typical organization is
attributed to the folding tendency observed in graphene sheets [59-61]. The origins of such
a folding are diverse, since they can be attributed to stabilization through Van Der Waals
interactions [60] or rapid solvent evaporation [62] and seem to be more likely to occur in
larger sheets [60]. The fact that folding also occurs after functionalization confirms the
occurrence of a natural phenomenon, since the functionalization occurring at the surface
cannot prevent this folding organization from happening. However, a reorganization of
folding following solvent evaporation can be also envisaged.

3.2.4. Electrical Characterization

For their use as resistive sensors, sensing devices must be electrically characterized.
This was achieved using current-voltage measurements; the curves shown in Figure 4
present the results. The electrical characterization shows also the perfect ohmic character
of the RGO/PcH,tBu and RGO. The RGO/PcH,tBu presents a more resistive character
compared to the RGO, as presented in the inset.

6.0x10°

1| = RGO/PcH2tBu
4.0x10°° - A+ RGO

2.0x10°° -

0.0 4

T
* RGO/PcH2tBu

-2.0x10°®

Current (A)

-4.0x10°® -

-1.0 -0.5 0.0 05 10
Voltage (V)

-1.0 ' -0.5 ' 0.0 ' 015 l 1.0
Voltage (V)

Figure 4. Current-voltage characteristic curves for RGO and RGO/PcH;tBu. The inset shows a
magnification of the RGO/PcH;tBu, showing a higher resistance value.



Chemosensors 2021, 9, 346

8 of 16

Such behavior has been observed previously when higher-resistance materials such as
phthalocyanine are combined with a conductive material such as RGO. In fact, incorporat-
ing phthalocyanine molecules into the RGO matrix creates less conducting paths through
these insulating phthalocyanine and results in a lower conductivity.

3.3. Sensor Responses to BI'X Exposure
3.3.1. QCM Sensor Response

Figure 5 represents the preliminary exposure sequences where all prepared materials
(GO, RGO, and RGO/PcH;tBu) are exposed to toluene vapor in the same conditions.
As predicted by the Sauerbrey equation given above, upon exposure to gases the frequency
shifts to lower values due to the adsorption of molecules on the sensing layer. As a
consequence, the frequency decreases, as observed in Figure 5A. The results showed that
the RGO/PcH;,tBu is more sensitive than the GO and RGO alone. The lower response
of these two materials is visible in the curves in Figure 5B, since the responses of these
sensors are so weak that they can be considered as completely absent. Zooming in the
GO and RGO given in the inset allowed us to take into account the reality of the lack of
a response. The response shown in the range 250-500 ppm is represented in Figure 5B,
and this representation enabled us to realize the size of the RGO/PcH,tBu response
compared to that of GO and RGO. From the figures, one can see that even the response
of the RGO was five times higher than that of GO, while the RGO /PcH,tBu presented a
response to toluene four times higher than that of RGO.

A B
58 ——RGO/PcH2tBu_250 ppm Toluene| 1 *°%° | & RGO PcH2tBu
1 _ A RGO
] 2 000204 @ GO
) N { Y¥=7.70257E-6x -0.0014
I o[ ——RGO_573 ppm Toluene] 1L 0.0015.| R?=0.96883
c [ 10
-g 4 m A RGO
‘(-v' g D 0.000020 * e — ‘
= 4l 18 0.0010-] 5 //
‘v w ;’ 0.000015 fV; 3(.)197:97558)( + 7.85442E-6
> E g 2= 0,
L>)‘ 7 - e §_oooom
e o 1= 0.0005 - - /
g 6 i _.o gam ;1:16!:191;19“8 5.1930E-8
g- 5 B O “ T::nnoc’;cam::on(;:n) “
= Ll 1 0.0000 —4a : A Ao ton romigy, |
e R e s 250 300 350 400 450 500

10 15 20 25 30 35 40 45
Time (minutes)

Toluene concentration (ppm)

Figure 5. QCM sensor response of the GO, RGO, and RGO/PcH;,tBu exposed to toluene (A); calibration curves correspond-

ing to exposure sequences in the 250-500 ppm range (B).

These results show that the functionalization of RGO, as confirmed in the characteriza-
tion details above, by phthalocyanine moieties is efficient for targeting the detection of BTX.
Taking into account the fact that graphene oxide bears oxygenated groups, we can say that
these functional groups are not the only surface groups inducing interactions with toluene.
The same conclusion can be drawn regarding the RGO response, since after reduction some
oxygenated groups still remain on the surface of the RGO. However, in the case of RGO,
in contrast to GO the m-network is partially restored. The slightly better response of RGO
compared to that of GO can be then attributed to the partial restoration of the 7-network.
By incorporating the functional moieties (PcH,tBu) into the RGO/PcH,tBu, the PcH,tBu
itself brings specifically an advantage related to its highly delocalized conjugated 7-system
to promote the interaction with toluene. This can explain the better response given by
the RGO/PcH,tBu. The same tendency can also be observed under exposure to xylene
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and benzene, meaning that the RGO/PcH,tBu is the most sensitive material and that the
functionalization fulfills this role. In the following part of the article, the focus will be on
the RGO/PcH,tBu and its reactivity to BTX exposure.

In Figure 6, the RGO/PcH,tBu material is exposed to toluene and xylene at different
concentrations. Exposure to benzene starts to show responses only in higher concentration
ranges (see Figure S3 in the Supplementary Materials file), and these are therefore not
included in this figure. Figure 6 shows the response of the sensors under exposition to BTX
in the 100-1500 ppm range.

A B
i ‘ 0.006
il Xylenes
9,007,224 " _?elnze"e Y=4. 092E-6x — 0.00151
i 0.005{ 4 Toluene = po_gggg
As,oo7,141_ S ¢ Xylenes | 3 1
i5,007,058 250 ppm 374 ppm 498 ppm ﬁ 0.004 {/ I
£ " 125 ppm T ] I
=5008975- " o 7 .
" * * * * * . L
- g 0.003 ) $ : L
2 i Toluene o 1 * =
% 5,007,200 @ 0.002-x B g
:’:, 5,007,090 / g o . ;: 3;).:;038595-6 x —4.83592E-5
L ppm 0.001 =u.
5,006,980/ 660 ppm 920 ppm c | Y=2.0355E-6x — 1.9696E-5
! w50 ppm R2=0.997
5006870 . . . . . . . o oo 0.000 —F4—+F—F——7——7———7——7—
0O 50 100 150 200 250 300 200 400 600 800 1000 1200 1400

Time (minutes)

VOCs concentration (ppm)

Figure 6. QCM sensor response of RGO/PcH;tBu exposed to toluene and xylene (A) and calibration curves corresponding
to the QCM sensor response of RGO/PcH;tBu exposed to benzene, toluene, and xylene (B).

The fact that the benzene does not present a response in the lower concentrations range
is a manifest of a weaker interaction between the vapor and the materials. The xylenes
response was three times higher than the toluene response, and this tendency resembles
that already observed in the case of macrocycle-functionalized CNTs [29,63]. Such a
sensitivity towards xylenes can be attributed to an additional CH- interaction provided
by the presence of methyl groups (of xylene) that reinforce the 7—m interaction between
the -network of the RGO, the PcH,tBu, and xylene [29,64]. As presented previously,
the RGO matrix itself seems to be less sensitive than RGO /PcH,tBu, which means that
upon functionalization the incorporation of PcH,tBu groups in the RGO/PcH,tBu matrix
is beneficial for adsorption and creates more interactions sites for gas adsorption.

For all the vapors, the responses followed a linear isotherm in the 100-1000 ppm
zone, therefore delimiting the region where the sensors show a linear response. However,
once the higher concentration region was incorporated into the response, the situation was
different and a plateau appeared upon exposure to benzene and toluene in the higher con-
centration range (Figure S5, Supplementary Materials). In the case of xylene, the maximum
concentrations with our setup were below 1500 ppm; therefore, xylene was not included in
the discussion. The RGO/PcH,tBu upon exposure to benzene and toluene in the higher
concentration range presented a plateau. This observed plateau can be mainly attributed
to a saturation regime occurring in the higher concentration range as a result of the lower
available interaction sites. In terms of size, benzene was smaller compared to toluene,
but in terms of saturation (plateau) benzene was equally impacted to toluene. This observa-
tion shows that the occurrence of the plateau was not a diffusion-dependent phenomenon.
We suggest the fewer available interaction sites at higher concentrations of VOCs to be
responsible for the saturation phenomenon.
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Table 1 gathers the performances of the sensors for both the QCM and restive trans-
duction mode. The response time, recovery time, limit of detection (LOD), and sensitivity
are given in Table 1. The LOD was estimated using the 3S method [28] based on the slope
of the calibration curve and the standard deviation (SD) of the blank, which is given in the
following formula:

LOD =3 SD/slope

Table 1. Sensor performance from the QCM responses.

QCM Mass Responses

Benzene Toluene Xylenes
Response time (Tresp.; in min.) 2.5 4.5 6
Recovery time (Trec ; in min.) 6 13 17
LOD (ppm) 78 30 7
Concentration range (ppm) 550-1500 260-1400 125-700
Sensitivity (uHz/ng/ppm) 2.03 3.41 4.09
R? 0.997 0.935 0.988

The LOD calculated from this formula gave values (contained in Tables 1 and 2)
for all three gases as well as corresponding concentration ranges. In terms of kinetics,
the response time was shorter than the recovery time for all gases. An overall lower
response time was recorded for benzene. This lower response time for benzene can be
attributed to the weaker interaction, since no additional interactions (CH- or alkyl-alkyl
interactions) are needed to settle the adsorption of benzene onto the matrix. As already ob-
served, the fast desorption kinetics recorded for benzene presented the weakest sensitivity
as compared to toluene and xylenes [29].

Table 2. Sensor performance obtained from the resistive responses.

Resistives Responses

Benzene Toluene Xylenes
Response time (Tresp.; in min.) 4 5 7
Recovery time (Trec.; in min.) 9 15.5 17
LOD (ppm) NA 14 4
Concentration range (ppm) 550-1500 260-1400 125-700
Sensitivity (%/ppm) 0.00018 0.00068 0.00184
R? 0.806 0.999 0.977

LOD values of 78, 30, and 7 ppm were estimated for benzene, toluene, and xylenes,
respectively (Table 1). The LOD values confirm the better sensitivity of the RGO/PcH,tBu
when exposed to xylene. Such a tendency shows that xylene is more sensitive than toluene
and benzene, and this tendency is often observed in QCM-based sensors coated with
carbon material [32] or polymer materials [65].

Figure 7 presents cross-sensitivity studies carried out against other interfering gases.
The results show that the RGO/PcH,tBu is more sensitive to benzene, toluene, and xylene
exposure (750 ppm) than exposure to other VOCs. It is also worth noting that the other
VOCs did not present exploitable responses under 500 ppm. Ethanol (EtOH) seems to be
the most sensitive among the interfering gases. This can be also attributed to the remaining
oxygenated groups being capable of inducing hydrogen bonds with the -OH of the ethanol
molecules. It should also be noted that exposing the materials to chloroform leads to a
partial deterioration of the sensing layer, probably due to the solubility of PcHytBu on
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chloroform. The lower response at such a high concentration of VOCs (interfering) allows
us to state that the sensors are partially selective for xylene and toluene. This means that if
the sensing applications are extended to toluene or xylene at a concentration lower than
500 ppm, these sensing layers will be well adapted.

0.004 -

QCM response (Hz/ng)
o <) (=)
o o o
o o o
- N w

0.000

Xylenes -
Toluene
Benzene
ETOH
Hexane -
CHCI3~I
ACOH -

Figure 7. Cross-sensitivity result for the RGO/PcH;tBu exposed to BTX and to other VOCs at
750 ppm.

3.3.2. Resistive Sensors Response

As announced at the beginning of the article, in this study the sensing layers on both
resistive and QCM transducers were developed and the resistive responses will now be
presented. Unfortunately, the RGO and GO did not present responses when exposed
to BTX; therefore, they could not be included in this section. It is worth noting that the
RGO/PcH;tBu was more resistive than the RGO (Figure 4). Such behavior can be explained
by the insulating nature of the PcH,tBu, as many phthalocyanines presenting too high a
resistance value [66]. The resistance responses of the RGO/PcH;tBu exposed to toluene
and xylene are presented in Figure 8. As previously, the benzene response was not included
for the same reasons (see Supplementary Materials; Figure S4). Here, the sensors experi-
ence a very significant baseline drift which seems to be dependent on the RGO material,
as already observed for carbon material-based sensors [67,68]. The origin of this drift is
difficult to explain, but both intrinsic and extrinsic factors can affect it [68]. In this figure,
it is depicted that upon gas exposure the resistance increases. This behavior suggests the
p-type semiconducting behavior of the sensing layer caused by a reducing gas (BTX).

For a better comparison, the resistance variation observed in Figure 8 was then
represented in the form of AR/Rg (%) for RGO/PcH;tBu exposed to benzene, toluene,
and xylenes in Figure 8B. The obtained calibration curves show that the sensing layer is
again more sensitive to xylenes than toluene. However, in the case of a resistive transducer,
the sensing mechanism is different from that of QCM one. In fact, in this resistive transduc-
tion mode both adsorption and efficient charge transfer are necessary to observe a readable
signal. In terms of sensitivity, the results follow that of the QCM response, since the xylene
presents a higher response compared to toluene. Such a tendency is not surprising, since
xylene, because of its peripheral groups, has more interaction possibilities and therefore
can obtain to a higher sensitivity. This result is confirmed by the values given in Table 2,
where the sensitivity values show that xylene 0.0018%/ppm is 3 times more sensitive than
toluene (0.00068 %/ppm) and 10 times more sensitive than benzene (0.00018 % /ppm).
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Figure 8. Resistive sensor response of RGO /PcH,tBu exposed to toluene and xylene (A) and calibration curves correspond-

ing to the resistive sensor response of RGO/PcH;tBu exposed to benzene, toluene, and xylene (B). In the case of benzene,

no stable and exploitable response could be obtained under 500 ppm.

4. Discussion

Upon functionalization, the two entities (matrix and the functionalizing unit) must be
correctly associated to ensure their adequate functionality. In the present case, the optical
and spectroscopic characterization allowed us to gain an insight into the functionalization.
In fact, through the analysis of the sensing materials by these methods, the combination
of RGO and PcH,tbu was found to be beneficial. In the UV-Vis characterization method,
the broadening and shift of both bands are characteristic of a strong interaction between
RGO and the PcHjtBu [34,69]. From the microscope image, it seems that the non-covalent
functionalization did not significantly change the morphology [35], which means that
in the present case, the actual resolution does not allow us to identify elements that are
evidence of functionalization. The electrical characterization allowed us to state that even
combined with phthalocyanine molecules, the sensing material presents a good ohmic
behavior, indicating a good association regarding the building of resistive sensors. It is
surprising the GO does not show a higher response. Oxygenated groups are considered
as anchoring groups on a surface, meaning that any gaseous molecules approaching the
surface should find favorable conditions for becoming attached to the surface. However,
remembering the aromatic structure of the BTX (p-system), one can suppose that BTX
will be involved in m-interaction and that not only the oxygenated groups are of great
concern. When considering the materials analyzed, the following statements can be made:
Starting from GO, which seems to be a less sensitive material, one can question whether
the oxygenated groups are favorable for enhancing the interaction with BTX. Tested on
BTX, it was found that GO was not sensitive at all. Considering that the main difference
between GO and RGO is the high number of oxygenated groups, the response seems
clear: BTX adsorption seems not to be highly dependent on the presence of such surface
groups. Once the reduction happens, there is an improvement compared to graphene
oxide, since the RGO shows a better interaction with BTX. Taking into account that, in RGO,
the r-network is restored and while oxygenated groups are simultaneously reduced, we can
state that the combination of these two effects favors the adsorption of BTX. Considering
that in RGO the m-network is restored and that the oxygenated groups are simultaneously
reduced, we can state that the combination of these two effects favors the adsorption of
BTX. When the functionalization further continues by combining RGO and PcH;tBu, a clear
advantage concerning the interaction with BTX can be highlighted. This is the impact of
functionalization, which enables new interaction sites to be created on the sensing matrix.
This study is unique in the sense that it is the only one where RGO functionalized by
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PcH,tBu is used for BTX detection with a double transduction mode. For this reason, it is
difficult to find real and reliable examples for comparison in the literature.

5. Conclusions

This study shows, for the first time, a combination of graphene-based materials asso-
ciated with phthalocyanine for BTX detection using both QCM and resistive transducers
simultaneously. The functionalization of RGO by PcH,tBu has been achieved using a
solution-based specific technique, yielding a hybrid material (RGO/PcH,tBu) that has been
exposed to the targeted gases. Both GO and RGO show little response to toluene and xylene
compared to RGO/PcH;tBu. The hybrid material showed a relatively weaker response
to benzene as a result of a weaker interaction and demonstrated that 7 interactions are
not the only force governing the interaction with BTX. Analyzing the responses allows us
to state that functional groups are important for creating interaction sites, but for CNTs
the m—m interactions seem to collectively work in synergy with the m—alkyl interaction to
ensure a strong interaction. The resistive responses confirm the same tendency and show
that charge transfer occurs between BTX and RGO/PcH;tBu. This study will pave the way
for the use of other generations of phthalocyanines molecules associated with graphene
materials for BTX detection.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/chemosensors9120346/s1, Figure S1: Experimental test bench used for the BTX sensing
experiment. Figure S2: Raman spectra of GO, RGO, PcH;tBu and RGO/PcH;tBu. Figure S3: QCM
sensor response RGO/PcH,tBu exposed to Benzene at a higher concentration. Figure S4: Resistive
sensor response RGO/PcH,tBu exposed to Benzene at a higher concentration. Figure S5: calibration
curves corresponding to QCM sensor response of RGO /PcH,tBu exposed to benzene, toluene and
xylenes in the higher concentrations regimes.
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